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The possible spread of life between planetary bodies has significant 
implications for any future discoveries of life elsewhere in the solar system, 
and for the origin of life on Earth itself. Litho-Panspermia proposes that life 
can survive the shock pressures associated with giant impacts which are 
sufficiently energetic to eject life into space. As well as this initial ejection, 
life must also survive the impact onto another planetary surface.  
The research presented shows that the micro-organisms 
Nannochloropsis oculata phytoplankton and tardigrade Hypsibius dujardini 
can be considered as viable candidates for panspermia. Using a Two-Stage 
Light Gas Gun, shot programmes were undertaken to impact frozen 
organisms at different velocities to simulate oceanic impacts from space. It is 
demonstrated that the organisms can survive a range of impact velocities, 
although survival rates decrease significantly at higher velocities.  
These results are explained in the context of a general model for 
survival after extreme shock, showing a two-regime survival with increasing 
shock pressure which closely follows the pattern observed in previous work 
on the survival of microbial life and spores exposed to extreme shock 
loading, where there is reasonable survival at low shock pressures, but a more 
severe lethality above a critical threshold pressure (a few GPa). Hydrocode 
modelling is then used to explore a variety of impact scenarios, and the 
results are compared with the experimental data during a thorough analysis of 
potential panspermia scenarios across the universe.   
These results are relevant to the panspermia hypothesis, showing that 
extreme shocks experienced during the transfer across space are not 
necessarily sterilising, and that life, could survive impacts onto other 
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“This is insane, Crichton.” 
“Four years on and you’re finally gettin' that?” 
 
Scorpius & John Crichton, Farscape 
 
Aliens! The idea of life existing outside the Earth is a concept that has 
captivated the imaginations of people across the globe for centuries. Before 
the heliocentric revolution revised the understanding of Earth’s position in 
the universe (i.e. it is not the centre of the universe, and is nothing special), 
ideas about beings not-of-the-Earth was largely philosophical or 
mythological (Crowe, M. 1999; Wiker, B. 2002). Cosmic pluralism, or ‘the 
plurality of worlds’ became a lot more popular during the scientific age of 
enlightenment, and many prominent scientists and astronomers (like 
Giordano Bruno and William Herschel) supported the idea of other worlds, 
and possibly life on these worlds throughout the 16th to 19th centuries. In the 
late 19th century the notion of life on Mars became a hot topic as Percival 
Lowell made a telescopic observation of ‘canals’ on the Martian surface. 
Although these observations were later explained as optical illusions (Evans, 
J. et al. 1903), Lowell still went on to write the book ‘Mars and its Canals’ in 
1906. However, the apparent discovery itself 10 years earlier caught the 
imagination of H.G. Wells and he went on to write the novel ‘War of the 
Worlds’, and the concept of menacing alien life exploded into the minds of 
the general population in 1897 with its release. For the next fifty years 
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Martians and creatures from outer space would be a popular genre for 
novelists.  
 
Figure 1.1: Percival Lowell’s depiction of the Canals of Mars. Image courtesy: 
bbvaopenmind.com 
 
After the Second World War, in 1947, the ‘Roswell Incident’ 
(Nickell, J. and McGaha, J. 2012) ignited public minds again with the idea of 
aliens, and people’s fascination with the concept has grown enormously in 
the following 70 years; films, books, and serious science.  
In 1961 Frank Drake produced the famous Drake Equation that 
attempts to estimate the number of intelligent species in the universe (see 
Burchell, M. 2006 for a recent review), and together with SETI (the Search 
for Extra-Terrestrial Intelligence) serious scientific work in the hunt for radio 
signals produced by other worldly intelligences began, and continues to this 
day (Sullivan, W. and Baross, J. 2007). Although the ‘wow’ signal (detected 
on August 15, 1977, by Ohio State University's Big Ear radio telescope in the 
United States) raised hopes of an extra-terrestrial intelligence, this was 
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ultimately never repeated and although the ‘wow’ signal is the best candidate 
to date, this search is still yet to produce positive results.  
 
Figure 1.2: The ‘wow’ signal. Image courtesy: universetoday.com 
  
 The scientific search for life elsewhere in the universe is not restricted 
to only intelligent life. A large part of the biomass of the Earth is made up of 
single-celled microbial life, with an estimated ~5 × 1030 cells, and 550 billion 
tons of carbon (Whitman, W. et al. 1998), this equates to almost 50% of the 
total global biomass (Groombridge, B. and Jenkins, M. D. 2000), and so this 
seems a logical place to start when looking for life elsewhere. However, any 
search for life must also be a search for the places where life (as we currently 
understand it) could exist, and thus the genesis and evolution of life on the 
Earth needs to be considered to allow such a search to be productive.  
 There have been many theories on the origin and evolution of life on 
the Earth throughout human history, right back to the dawn of civilisation 
itself in ancient Sumer, and the Anunnaki Gods that created mankind of their 
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blood, and in their image, as described in the 5000 year old epic poem ‘The 
Epic of Gilgamesh’, telling the exploits of the king of Uruk from the third 
dynasty of Ur and his friend Enkidu (Jacobsen, T. 1949). However, whilst the 
creation myths of many religions the world over held sway for millennia, the 
advent of the scientific age caused many to question this divine origin.  
 
Figure 1.3: King Gilgamesh (right) with one of the two lions he wrestled to 
submission, and his friend and companion Enkidu (left) the part human Wildman. 
Image courtesy: beforeitsnews.com 
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In the 19th century Darwin proposed the theory of evolution of the 
species, and took God ‘out of the equation’. Then, in the early 20th century, 
Arrhenius proposed a theory for the transfer of life between worlds via 
radiation pressure which would later become known as radiopanspermia 
(Arrhenius, S. 1903). However, the general term panspermia (literally ‘seeds 
everywhere’) has come to encompass the various versions of the theory. The 
theory suggests that life can be transferred between planetary bodies via 
some mechanism, such as meteors, asteroids, or other naturally occurring 
interplanetary bodies.  
 There are three main variations to the panspermia hypothesis. 
Radiopanspermia, as proposed by Arrhenius, suggests that microbial life can 
form and exist in space, and that the radiation pressure from the sun can 
propel them into the gravity wells of planets. The second version of the 
theory is known as directed panspermia, and suggests that life is transferred 
between worlds in the universe artificially by extra-terrestrial intelligences 
(e.g. Crick, F. and Orgel, L. 1973). The third variation, and considered the 
most likely to occur, is lithopanspermia. This version suggests that rocks 
and/or ice are used as the transfer mechanism. The rocks and/or ice are 
ejected into space via meteorite, or cometary, impacts into a planetary 
surface, and then fall on other worlds as impactors themselves thus carrying 
and seeding life in the process (Melosh, H. 1988).       
 Panspermia as an idea has been examined by many different 
disciplines of science, and seems set to continue to be a focus of research for 
much time to come. In 1996 the controversial Martian meteorite ALH84001 
(found in Antarctica in 1984), was announced as the first proof of extra-
terrestrial life. Analysis of the rock discovered tiny carbonite nano-structures 
within the rock which the researchers took for micro-fossils (McKay, D. et al. 
1996). However, this was later determined to be of a non-biological origin 
(Sears, D. and Kral, T. 1998, Buseck, P. et al. 2001). There have now also 
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been some experiments testing various microbial life-forms for survival 
against the type of shock induced pressures witnessed during a large scale 
impact event. For example, some experiments have shown that bacteria 
(Burchell, M. et al. 2001, 2004), and yeast (Price, M. et al. 2013), can survive 
pressures of ~30 GPa; well in the range of such life-seeding impacts.  
More recent discoveries in the surface topography and chemical 
composition of early Mars have led researchers to suggest that Mars may 
have been more conducive to the creation of life than the early Earth; 
presenting evidence for an abundance of molybdenum as well as desert-like 
expanses, as opposed to the Earth which was flooded during the same period 
of time (Benner, S. and Kim, H. 2015). This lead to the speculation that life 
could have first originated on Mars, and then through a panspermia-style 
impact was transported to the Earth. These recent finding have kept the 
theory of lithopanspermia at the forefront of research in many scientific 
disciplines.  
 There are three main phases to the lithopanspermia theory: 
  1. ejection from, and escaping the gravity well of, the host planet, 
  2. transfer through interplanetary space to the destination planet, 
  3. arrival to the destination planet via an impact. 
These three phases each contain hazards to life, and any organisms that 
may be capable of a lithopanspermia-style journey must be able to survive 
the constraints placed upon them by each of these phases. Hypervelocity 
impact experiments, and hydrocode simulations, have now been performed to 
test the limits of various different species in regard to the lithopanspermia 
hypothesis. These experiments and simulations, along with their results are 
reported here in this thesis, as well as discussions, and speculations, about the 
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types, and likelihood, of possible panspermia-style transfers that could occur 
naturally in the universe. 
The structure of this thesis is as follows. Chapter 2 introduces the 
varied discipline of astrobiology. This is defined as the search for, and 
exploration of, the origin, evolution, and distribution, of life throughout the 
known universe. Then there is a discussion of the history and evolution of life 
on Earth, and the Earth itself, and then the definition of life as we know it, 
and the requirements of life are considered. Finally, the potential habitats for 
life within the Solar System, and within other star systems in the Milky Way 
Galaxy are discussed. 
Chapter 3 describes the theory of panspermia in detail, and presents 
recent results concerning the validity of the theory. The various dangers faced 
by organisms involved in such a panspermia-style transfer at each phase of 
the journey are then discussed, along with recent evidence of viable 
organisms capable of surviving such dangers. Finally, possible interplanetary 
Solar System routes for potential journeys are discussed in terms of the 
average, and most optimum, transfers for material between planets based on 
current knowledge of planetary impact ejecta, and its movement around the 
Solar System. 
Chapter 4 introduces the equipment and facilities used in this 
research. The light gas gun, as well as the optical and scanning electron 
microscopes used are briefly described. The selection of the two different 
species for experimentation is then explained in detail, before the description 
of pressure calculations for impact experiments. Finally, a brief overview of 
hydrocode modelling is presented in relation to its use within this research. 
Chapters 5 and 6 present the experimental research programmes for 
the two species chosen. Chapter 5 reports the results of the experimentation 
with the phytoplankton species Nannochloropsis oculata, and Chapter 6 
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reports the results of the experimentation with the tardigrade species 
Hypsibius dujardini. Both chapters give detailed accounts of the 
methodology undertaken to conduct the programmes, as well as the results 
from the hypervelocity shot programmes, and the complementary results of 
the hydrocode modelling of the shot programmes. The phytoplankton were 
loaded into projectiles and fired directly into water targets simulating a large 
oceanic impact event. However, the tardigrades were frozen into the target 
and this target was then impacted with a nylon projectile, simulating an 
impact that could lift material into space. The survival results for each 
programme are then presented. Hydrocode modelling for both programmes 
allowed these results to be quantified in terms of survival against the various 
impact shock pressures for different conditions. Finally, the implications of 
these results are discussed in the context of panspermia.  
Chapter 7 presents the description, and results, for a variety of 
different hydrocode models, that were created to simulate different 
panspermia-style impact conditions, and therefore analyse different species 
survival parameters, in different impact scenarios. 
Chapter 8 brings together the experimental research of Chapters 5, 
and 6, with the hydrocode simulations of Chapter 7. A description for a best 
case scenario is presented, followed by different panspermia-style scenarios. 
An analysis of different micro-organisms that could potentially survive each 
of the conditions is then presented for the Solar System, and then beyond it. 
Numerical errors within the hydrocode at extreme velocities are then 
discussed, before a re-evaluation of the analysis is undertaken. Finally, an 
equation for the panspermia journey is presented as a tool for future research, 
with some speculative discussion as to what it could imply for life on Earth 
or elsewhere in the universe. 
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Chapter 9 presents the overall conclusions to all of the results and 
discussions from the previous chapters.   
To summarise: this thesis investigates the theory of panspermia, and 
some of the organisms that might be able to successfully achieve it. 
Experimental shot programmes using a light gas gun to impact targets at 
hypervelocities were undertaken. Analysis was performed to determine 
survival rates of organisms from these programmes. Hydrocode modelling 
was used to create simulations of different panspermia-style impact 
conditions. An analysis of these simulations against the survival rates of 
different organisms was performed to determine the different impact 
scenarios these organisms could potentially survive. And finally, an equation 
to determine the possible number of panspermia-style life transfers between 
planets is presented as a tool for future use in potentially determining where 
to look for life that could confirm the panspermia hypothesis. 
The work presented here confirms the ability of two different 
organisms to survive the extreme pressure regimes that occur in a 
panspermia-style journey, as well as showing possible scenarios different 
organisms could potentially survive. However, this does not prove that 
panspermia does happen, or has happened in the past, on Earth, or any other 
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LIFE, AS WE KNOW IT 
 
“However life started, once established, it persisted for over 3.5 billion years and 
evolved from microbial slime to the sophistication of human civilization.”  
 
David C. Catling 
 
2.1 Introduction 
 This chapter introduces the varied discipline of astrobiology, which is 
defined as the search for, and exploration of, the origin, evolution, and 
distribution of life throughout the known universe. While there are many 
aspects to this field of study, the concept of panspermia is of central interest 
in this work. However, in order to investigate how life could travel between 
worlds, an understanding of what life is, and where it came from, must be 
established. While there may be many unknowns surrounding the origins of 
life, what we do know is that, life does exist on the Earth, the Earth exists as 
part of the Solar System, and the Solar System is at least 4.6 billion years old, 
so this, it would seem, is a good place to start. 
The chapter begins by describing the formation of the Solar System 
and the Earth, and then goes into a brief history of the Earth. Next, an attempt 
is made to define life, as we know it, before a discussion on the current 
theories of how life on the Earth may have originated. A brief discussion of 
the history of life on Earth is then presented. Next, the requirements for life 
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as we know it are looked at, before a discussion on the possible habitats life 
could survive within the Solar System, and beyond. Finally, concluding 
remarks are passed. 
 
2.2 Birth of the Solar System 
 The Solar System formed approximately 4.6 billion years ago 
(Bouvier, A. and Wadhwa, M. 2010), from the remnants of first generation 
stars (made primarily of primordial hydrogen and helium) that had previously 
‘died’ via the violent process known as a supernova, creating more heavy 
elements in the process. Some of the gas and dust from these first generation 
supernovae coalesced over time, causing local increases in density within this 
giant molecular cloud (this may have been due to shockwaves from nearby 
supernovae). At a critical point the gravity at this localised dense region was 
enough to cause part of the cloud to collapse under gravity. This gravitational 
collapse brought gas and dust together increasing the density, and thus 
increasing the speed of the collapse due to gravity. As this dense pocket of 
material further collapsed it began to rotate due to the conservation of angular 
momentum. This effect, combined with the magnetic fields within the 
spinning cloud, caused it to flatten into a disc-like shape, with a protostar at 
its core (Montmerle, T. et al. 2006). The protostellar phase of the early sun 
took about 1 million years, during which the thermal gas pressure within the 
protostar grew, this halted the total collapse of the cloud, and increased the 
protostar’s temperature. The protostar then went through a ~30 million year 
journey of continued collapse (due to gravity) and expansion (due to internal 
thermal pressures) before reaching hydrostatic equilibrium and taking its 
place on the main sequence (see Figs. 2.1 and 2.2) of stars (Yi, S. et al. 
2001). It is thus known as second generation star.   
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Figure 2.1: Hertzsprung-Russell diagram showing the different classifications of 
stars. Image courtesy: graphicnet.co.uk 
 
As the spinning disc was pulling material into the centre forming the 
protostar, the conservation of momentum was also forcing other material out 
into the flattened disc orbiting around the protostar. As this material collided 
with each other it began to form small clumps of dust. As the temperature in 
the protostar increased it eventually reached a critical point at which 
hydrogen fusion reactions began and the star ‘turned on’. The radiation 
pressure blew away all the remaining small dust grains and debris from the 
disc leaving only the larger grains and clumps, and these would then go on to 
form the planets of the Solar System (Lin, D. 2008). As the clumps interacted 
with each other they began to accrete together and grow larger. 
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Figure 2.2: Showing the sun’s ~30 million year journey from protostar to main 
sequence star. Image courtesy: uoregon.edu 
 
When the average diameter of the growing bodies in the solar disc 
was around 10 km there would have been approximately 1 trillion of these 
‘planetesimals’. Over time, these continued to accrete and grow until just a 
few large planetesimals began to dominate. These then went on to sweep up 
all the remaining material in and around their orbital paths until most of the 
material was accreted into the planets seen today. However, the planets were 
not yet settled in their orbits. The four gas planets were at this stage much 
closer (~5.5 – 17 AU) and on near circular orbits (Crida, A. 2009). 
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Gravitational interactions and mean-motion resonances caused planets to 
migrate around the Solar System over several hundred million years (Hansen, 
K. 2005). These disruptions caused most of the mass of the outer disc to be 
removed (Tsiganis, K. et al. 2005), and many small planetsimals were thrown 
into the inner Solar System creating a sudden influx of impacts on the 
terrestrial planets – the Late Heavy Bombardment (Gomes, R. et al. 2005), as 
evidenced from cratering records on these planets. This massive 
bombardment is thought to be responsible for delivering most of the volatile 
materials, and possibly organic compounds to the Earth (Chyba, C. et al. 
1990). This formation model is known as the Nice model (Desch, S. 2007), 
and it explains many of the features of the Solar System that are otherwise 
unexplained. 
 
2.3 Earth – A History  
About 20 – 100 million years after the Solar System had coalesced 
(around 4.5 billion years ago), a Mars sized object called Theia impacted the 
early Earth. The debris of this collision would accrete into the Moon that now 
orbits the Earth; this is known as the ;giant impact hypothesis; (Canup, R. 
and Asphaug, E. 2001). 
 After the initial formation of the Earth there was a ~20 million year 
period of condensation, where differentiation of materials began to take place 
within the Earth. Radioactive decay of unstable isotopes caused the planetary 
interior to melt, allowing heavy elements like iron to sink, forming the solid 
(inner) and liquid (outer) iron nickel core, whilst lighter elements such as 
silicates rose closer to the surface. The outer silicate layers formed the crust, 
or lithosphere; a thin layer of rocky material (only 7 - 70 km thick) that 
covers the much larger mantle (2900 km – and 84% of the Earth’s total 
volume) below (Sorokhtin, O. et al. 2011).  
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Figure 2.3: Structure of the Earth, showing the inner and outer core, the mantle, 
and crust. Image courtesy: p5cdn4static.sharpschool.com 
 
The crust is broken up into ‘plates’ which dynamically move around 
the surface over time via a process known as plate tectonics. The movement 
of these plates has caused the landmasses on the surface to coalesce into 
supercontinents, then separate, then recoalesce again in a cycle of 
supercontinent formation that takes around 300 – 600 million years to 
complete. After the delivery of the volatile materials during the Late Heavy 
Bombardment, the Earth was largely flooded (Benner, S. and Hyo-Joong, K. 
2015), then, as the crustal plates moved around, the first supercontinent 
Vaalbara was formed around ~3.5 billion years ago (Zhao, G. et al. 2004).  
Over the next 3 billion years the supercontinent cycle produced several more 
supercontinents; Ur (~3 billion years ago), Kenorland (~2.7 to 2.1 billion 
years ago), Columbia, aka Nuna (~1.8 to 1.5 billion years ago), Rodinia 
(~1.25 billion to 750 million years ago), Pannotia (~600 million years ago), 
Chapter 2: Life, 
As we know it 
16 
 
and the last supercontinent Pangaea (~300 million years ago). The break-up 
of Pangaea, which began ~200 – 180 million years ago, produced the 
fragments that would come to form the continents as they are seen today 
(Zhao, G. et al. 2002), after going through several intermediate stages, such 
as Laurasia and Gondwanaland (Fig. 2.4).  
 
Figure 2.4: The last supercontinent Pangaea formed ~300 million years ago, and 
began breaking up ~200-180 million years ago. T p: showing the outlines of 
today’s continents. Bottom: showing the two largest continental forms after the 
break-up of Pangaea. Image courtesy: top: xearththeory.com, bottom: 
hosho.ees.hokudai.ac.jp 
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2.4 What is Life? 
 The definition of what exactly life is, is not an easy one, nor a rigid 
one. Throughout history great thinkers have tried to fathom what life is and 
what constitutes it. Democritus (460 BC) reasoned that the characteristic of 
life is having a soul. He reasoned that fiery atoms make a soul, in the same 
way atoms and the void make up all things, but elaborates that fire is the key 
component as there is a connection between life and heat, and fire moves, as 
living beings do. Empedocles (430 BC) believed the universe was made of 
four fundamental eternal elements, earth, air, fire, and water, and that all 
forms of life were created from the unique mixtures of these four elements 
(Parry, R. 2010). Aristotle (322 BC) attempted a thorough definition of life in 
a huge treatise composed of three books called ‘On the Soul’ (Aristotle, c.350 
BC.; Shiffman, M. 2011). Aristotle put forward the theory of Hylomorphism, 
in which he regards all material in the universe as having both matter and 
form, and the form of a living thing is its soul. There is the vegetative soul of 
plants, which causes growth and decay, and allows them to feed, but does not 
cause motion or sensation. There is the animal soul which allows animals to 
move and feel. Then, there is the rational soul, which is the source of 
reasoning and consciousness which, he believed, is only to be found in 
mankind. Each higher soul has all the attributes of the lower souls. He 
believed that matter can exist without form (i.e. inanimate objects), but form 
cannot exist without matter, and thus, the soul cannot exist without the body 
(Marietta, D. 1998).  
However, there are always exceptions to the rule. Mountains, crystals 
and even islands can grow, yet they are known to be inanimate. Fire moves 
and grows as if alive, as Democritus noted, and it also consumes and 
metabolises combustible fuels and oxygen into waste products (carbon 
dioxide and soot), yet, again, it is not considered as alive. A borderline case is 
the example of a virus, which has all the hallmarks of life, but is still not 
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considered a life-form. The currently accepted definition for life in 
mainstream science is that organisms maintain homeostasis, are composed of 
cells, undergo metabolism, can grow, adapt to their environment, respond to 
stimuli, and reproduce; with the two key elements being, the ability to 
reproduce the species, and to use a form of energy to drive the chemical 
reactions that allow adaption, response, growth, and reproduction.  
 In the early 17th century Rene Descartes brought back the ancient 
Greek ideas of the materialism of life and revised it for the beckoning 
scientific age, suggesting that life was an assemblage of parts that came 
together and functioned as a machine, and later advances in cell biology in 
the 19th century further strengthened this view (Thagard, P. 2012). 
 
2.5 Life, an Origin 
 There are certain basic requirements for life as we know it to form. 
Complex organic molecules such as amino acids, and proteins, are necessary 
for life to form, and there have been a variety of different mechanisms 
hypothesised for how they are synthesised. The famous Miller/Urey 
experiment (Miller, S. 1953) used four gases to simulate a primitive 
atmosphere (methane, hydrogen, ammonia, and water vapour), as it was 
believed at the time that the primitive atmosphere of Earth was a reducing 
one (Fig. 2.5). A continuous electric current was passed through the 
atmosphere to simulate lightning, which was common on the early Earth. 
After several weeks they analysed the simulated ocean and found that 
between 10% and 15% of the carbon in the system had become integrated 
into organic compounds. 2% of this had been used to form glycine (an amino 
acid used in the production of proteins). However, the yield was very small; 
just a few milligrams. Later Juan Oro was able to produce glycine, alanine, 
and adenine, via reactions between ammonia and hydrogen cyanide (Oro, J.  
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1961). Adenine synthesis was an important discovery, as this is one of the 
four nucleotide bases for RNA, and DNA, and further work showed that the 
other bases could also be synthesised in these reactions. However, these 
experiments relied on the primitive reducing atmosphere, but the current 
consensus is that reductive molecules did not dominate the atmosphere of the 
early Earth, but that it was dominated instead by CO2, N2 and water vapour 
(e.g. Horneck, G. 1995). Other problems with these models are that the 
energy input (i.e. the electric current) was far too high, as the early Earth 
would have had common, but not continuous, lightning storms. Also, the 
ammonia and methane used in the experiments would not have remained 
stable in the atmosphere of the early Earth, due to photodissociation by solar 
ultraviolet radiation (Jakosky, B. 1998). 
 
 
Figure 2.5: Diagram of the Miller/Urey experiment. Image courtesy: Pearson 
Education, Inc. 
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 Other suggestions have since been put forward to explain how 
complex organic material was present on the early Earth, and these are 
related to impacts from space. Comets and meteorites could impact the Earth 
delivering organic molecules that were already formed on the impactors 
themselves. Meteorites have been found on the Earth that contain amino 
acids (i.e. see Sephton, M. and Gilmour, I 2000), for example, analysis of the 
Murchison meteorite has discovered more than 70 amino acids, many of 
which are not found on the Earth (Cronin, J. et al. 1995). However, this does 
not answer how they were formed in the first place. One possible method for 
this is shock synthesis, where the energy of a violent impact into basic 
materials is the catalyst for their production. Martins, Z. et. al. (2013) 
performed hypervelocity impact experiments that demonstrate comets 
impacting into rocky surfaces, or meteorites impacting into icy surfaces, can 
produce several g-amino acids, including racemic mixtures of alanine and 
norvaline, and the non-protein amino acids g-aminoisobutyric acid and 
isovaline. Their results provide a realistic production pathway for the 
components of proteins in the Solar System, expanding the locations where 
life may originate. 
The current consensus for a non-impact driven pathway from chemistry 
to biology on the early Earth is hydrothermal vents on the oceans’ floor 
powering the process. It has been shown that the conditions present at these 
vents can produce organic molecules, and the earliest known life-forms on 
Earth were hyperthermophilic, and did not use light as an energy source 
(Holm, N. and Anderson, E. 1995). However, while the earliest known life-
forms survive in a hot submarine environment, some doubt has been cast as 
to whether they originally formed there. This is due to the so called ‘Water 
Paradox’. Benner, S. (2014) describes this paradox as follows:  
The Water Paradox: Water is commonly viewed as essential for life, 
and theories of water are well known to support this as a requirement. 
Chapter 2: Life, 
As we know it 
21 
 
So are biopolymers, like RNA, DNA, and proteins. However, these 
biopolymers are corroded by water. For example, the hydrolytic 
deamination of DNA and RNA nucleobases is rapid and irreversible, as 
is the base-catalyzed cleavage of RNA in water. This allows us to 
construct a paradox: RNA requires water to function, but RNA cannot 
emerge in water, and does not persist in water without repair. Any 
solution to the “origins problem” must manage the paradox forced by 
pairing this theory and this observation; life seems to need a substance 
(water) that is inherently toxic to polymers (e.g. RNA) necessary for 
life. – S. Benner (Paradoxes in the Origin of Life, 2014). 
While many terrestrial origin theories for life run into this problem, the 
impact driven shock synthesis for organic molecules does not.  
The transition element molybdenum is of essential importance for 
almost all biological systems, as it is required by enzymes catalyzing diverse 
key reactions in the global carbon, sulphur and nitrogen metabolism (Mendel, 
R. and Bittner, F. 2006), thus for the formation of RNA ‘the first Darwinian 
molecule’, molybdenum (as well as boron) appears to be crucial. Benner, S. 
and Hyo-Joong, K. (2015) propose early Mars as a viable location for the 
formation of life, as the early Earth was largely flooded, yet large desert-like 
expanses on the early Martian surface could allow processes that form RNA 
under prebiotic conditions, effectively negating the ‘Water Paradox’. As well 
as this, the molybdenum content of the early Earth would have been diluted 
into the expanses of water on the Earth, preventing RNA formation to occur 
at a quick enough rate to overcome the corrosive destruction water causes to 
RNA. However, recent Martian meteorite evidence (Stephenson, J. et al. 
2013) points to molybdenum and boron on Mars in high enough 
concentrations for RNA to form and stabilise. This coupled with the desert 
expanses would indicate early Mars could have been a possible origin for life 
as we know it; but if this was the case, how did it get to the Earth? One such 
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mechanism is known as panspermia, and this is discussed in detail in the next 
chapter.  
There are many hypothetical pathways from a prebiotic landscape to a 
state of life; these are depicted in Figure 2.6 below.  
 
 
Figure 2.6: Hypothetical pathways to life. 1: A bottleneck through which all 
pathways to a terrestrial origin-of-life must pass. 2: An alternate (non-terrestrial) 
prebiotic environment that still leads to a terrestrial origin-of-life, or at least an 
origin-of-life that matches the terrestrial one. 3: A terrestrial prebiotic environment 
that leads to an alternative (non-terrestrial) biotic system but of lower complexity 
than terrestrial life. 4: a pathway that exhibits rapid diversification of prebiotic 
systems, but only one leads to a terrestrial origin-of-lif e. 5: a non-terrestrial pathway 
splits at advanced complexity and leads to a separate origin-of-life event in the same 
prebiotic environment from which it started. (Caleb, S. et al. 2015). 
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Once the precursors to life, such as RNA are formed, there are still 
other processes that must be accomplished for the prebiotic molecules to 
become fully-fledged life-forms. The production of membranes around them 
to allow an environment that differs from their surroundings (i.e. forming a 
cell), as well as a mechanism to pass the genetic information to a next 
generation and thus reproduce, must be accomplished. However, this alone 
does not necessarily constitute a life-form in and of itself.  
Take a virus for example; these contain RNA and genes within a 
housing, and they replicate those genes to new generations, and evolve via 
natural selection, but they are not alive. The reason for this is that they do not 
metabolise, and must use a host cell’s energy to power their replication, 
leaving them just short of the definition of life (Koonin, E. and 
Starokadomskyy, P. 2016). Viruses are considered as being ‘on the edge of 
life’ and the self-assembly within host cells, may support the hypothesis that 
life could have started out as self-assembling organic molecules (Koonin, E. 
et al. 2006).  
 
2.6 Life on the Earth 
The Earth’s history can be divided into four aeons; the Hadean, the 
Archean, the Proterozoic, and the Phanerozoic. The earliest confirmed 
evidence for life is just after the beginning of the Archean aeon, about 3.8 
billion years ago (Nutman, A. et al. 1997; Ohtomo, Y. et al. 2014). Sometime 
between this time and 3.5 billion years ago is when the ‘last universal 
common ancestor’, or LUCA, to all life now on the Earth is believed to have 
existed. No direct fossil evidence for the composition of LUCA exists, but it 
can be studied by the comparison of the genome of its descendants, i.e. all 
life on today’s Earth.  
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In 2016 a study by Weiss, M. et al. identified 355 genes that LUCA 
would have had; some are universal genes, like those that are involved with 
reading genetic code, but others point to particular characteristics LUCA 
would have had. One characteristic of nearly all cells is the ability to pump 
ions across a membrane in order to generate an electrochemical gradient, 
which is then used to make adenosine triphosphate molecules which transfer 
chemical energy within cells for metabolism. The study by Weiss, M. et al. 
(2016) suggests LUCA could not generate the gradient needed to form 
adenosine triphosphate molecules, but rather it harnessed an already existing 
gradient to form adenosine triphosphate. After LUCA the tree of life split 
into the branches of bacteria and archaea (Fig. 2.7). 
 
 
Figure 2.7: Tree of life diagram, showing the path from LUCA for all life on 
Earth. Image courtesy: Wikipedia – originally in NASA article (no longer available)  
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The fact that LUCA exists at all is problematic for the origins of life 
on Earth. If the Earth was capable of a genesis-of-life event, why did it only 
happen once? Or, if it did happen multiple times, where are the other trees of 
life, why did only one tree survive, and if there were others, where are the 
fossils showing these?  
There are potentially answers to these questions, although to date no 
conclusive proof has been offered for any of them. Perhaps life did only form 
once, even though conditions were right for it. Perhaps other trees of life did 
form, but were short lived, and evidence for them is sparse, and has not been 
found. Perhaps after the formation of life a giant impact occurred that 
completely sterilised the Earth wiping away all traces of life, but some life-
forms were thrown into space, and survived a fall back to the Earth sometime 
later, re-seeding the Earth with life from only one tree. This is a kind of 
‘Noah’s ark’ scenario and is explored in Chapter 8, Section 8.6.  
Another possibility is that the Earth was not suitable for life to form, 
but it was suitable for it to survive, and life came from somewhere else (e.g. 
Mars) via a panspermia-style impact event in the distant past. This is an idea 
once thought impossible, but recent findings have shown several simple 
species are capable of surviving this type of journey, such as bacteria 
(Burchell, M. et al. 2001, 2004) and yeast (Price, M. et al. 2013). 
It was at around 2.5 billion years ago that the Archean aeon gave way 
to the Proterozoic aeon. This boundary is loosely set when the ‘Great 
Oxygenation Event’ occurred, an event that led to an oxygen-rich atmosphere 
on the Earth, when photosynthesising cyanobacteria began producing O2 for 
the first time. During this aeon around ~2.1 billion years ago the first 
eukaryotic cells (cells with a nucleus) began to appear, and formed the 
symbiotic relationship with the former prokaryotic organisms known as 
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mitochondria, which produce most of the adenosine triphosphate for 
eukaryotic cells (Margulis, L. and Sagan, D. 1986). 
The supercontinent Pannotia broke up ~600 million years ago at the 
end of the Proterozoic aeon. The distribution of land masses across the globe 
allowed many separated niche environments (such as coastlines in different 
climates and latitudes) where life could evolve distinctly. At the same time an 
accumulation of atmospheric oxygen, allowed the formation of an ozone 
layer around the Earth. This afforded protection to surface life from solar 
ultraviolet radiation (Beraldi-Campesi, H. 2013), and allowed life to begin  
diverging at an increased rate, leading to the ‘Cambrian Explosion’, around 
~570 million years ago, as the Phanerozoic aeon began. It was during this 
event that most major animal phyla appeared, as indicated by the fossil 
record (Maloof, A. et al. 2010). 
With the advent of skeletal animals, life continued to evolve, and 
change, and go extinct (when some species could not adapt to changes in 
environment, or other factors, leading to their demise). From this point until 
today there have been a number of distinct extinction level events that have 
caused massive losses to the species that were present on the Earth at the time 
of the event.  
These extinction events quite often left environmental niches open for 
the remaining life to fill with newly evolving species (McElwain, J. and 
Punyasena, S. 2007). Amongst these many events, the ‘Big Five’ stand out 
due to the sheer number of species that went extinct during these events 
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2.7 Requirements for Life 
 The previous definition for life as we know it, stated earlier, makes it 
clear there are certain things that life requires in order to live and reproduce. 
Energy is required, be it direct via light or chemicals, (i.e. primary producers, 
using photosynthesis, or chemosynthesis to create their energy), or be it 
secondary, via the ingestion of other life-forms. Nutrients and minerals are 
required that can be used in the organism for building structures, or for 
chemical reactions, powered by the energy they get via the mechanisms 
stated above. A safe way to release waste products is also required, as waste 
products can be toxic to the organisms that produce them. To solve this many 
ecospheres have symbiotic relationships, the obvious example being animals 
and plants. The carbon dioxide excreted by animals is ingested by plants, 
which excrete oxygen, and this oxygen is then ingested by animals, and so on 
and so forth. Additionally external things are required as well; correct 
temperature environment, correct pressures, non-toxic (to the organism in 
question) surroundings, and limited, or no threat of predation, such that 
would make survival unsustainable.  
 There are some basic elements that are vital to the continued survival 
of all species on Earth. These elements are known as the ‘biogenic elements’ 
and consist of elements such as hydrogen, carbon, nitrogen, oxygen, 
phosphorus, and sulphur. While different species can require vastly different 
conditions for survival, growth, and reproduction, these six elements are 
needed by them all. Other useful elements used by many species are, 
calcium, chlorine, potassium, sodium, magnesium, and iron. The Earth’s 
lithosphere contains many of these elements, the most abundant being 
oxygen, silicon, iron, sodium, calcium, aluminium, and potassium. So, life 
has not used the most abundant elements in its formation, but rather those 
that allow some chemical advantage in its make-up or function. It follows 
then, that life as we know it, could have been formed on any planet or moon 
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that contains these elements regardless of abundance. However, this 
presupposes that life did form on the Earth. If it formed elsewhere, where the 
main biogenic elements were the most abundant, then this could be the 
reason for their use, rather than other elements; for example calcium is used 
for vertebrate skeletons, but silicon is more abundant and just as capable 
(Trimble, V. 1997), so is it that life formed elsewhere, where calcium was 
more abundant, or is it that life formed on the Earth, but calcium was 
favoured over silicon for chemically advantageous reasons?    
 One of the most important chemicals that all life (as we know it) 
depends on is water, and this is the most abundant chemical in the biomass of 
the Earth. Water is a polar molecule (i.e. has a net charge across the 
molecule, known as a dipole moment), and can thus dissolve other polar 
molecules (such as salts, ammonia, sulphur dioxide, ethanol, and hydrogen 
sulfide). However, non-polar molecules (such as methane, ethylene, benzene, 
carbon dioxide, and lipids) do not dissolve into solution in polar liquids such 
as water, the general rule being ‘like dissolves like’. This is why cell 
membranes are constructed of phospholipids, as they remain stable while 
immersed in, and surrounded by, water.  Water is also vital to life as we 
know as it, as it is used as the main transport mechanism. In many vertebrate 
species for example, it is used to transport many components of blood around 
their systems, as well as carrying waste products away, and can also be used 
as a cooling mechanism via vasodilatation and vasoconstriction. If life was to 
form on a world with an abundance of a non-polar liquid such as methane 
(Saturn’s moon Titan has large expanses of liquid methane on the surface, 
Hanley, J. et al. 2016), its chemistry would be vastly different from life as we 
know it. As water is such an important molecule for life as we know it, the 
search for life elsewhere is usually the search for water elsewhere, this is 
generally known as the ‘follow the water’ method of searching. But, for life 
as we know it, water must be in a stable liquid state, and this requires the 
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correct pressure and temperature ranges being present. Such places where 
these conditions are met, and liquid water can exist in a stable form, are 
known as ‘habitable zones’.  
 
2.8 Habitable Zones 
 The habitable zone around a star is defined as the range of orbital 
distances around a star, where a planet would have the correct temperature 
for water to exist in a stable liquid state at the surface (Fig. 2.8), given 
sufficient atmospheric pressure (Huggett, R. 1995). The habitable zone 
around a star may be extended slightly if a planet has an atmosphere that can 
create a greenhouse effect allowing water to stay liquid at an orbital position 
slightly beyond the range for solar heating alone. Alternatively, such 
greenhouse effects could also shorten the habitable zone, for example a 
planet at the inner (hot) edge of a zone that experiences extreme greenhouse 
warming (similar to Venus) may become too hot to sustain liquid water at the 
surface. As a star progresses through its life and changes, the hard limits of 
the habitable zone can change, but there may be orbits that remain in the 
habitable zone for long enough periods for life to form and evolve, and these 
are known as ‘continuously habitable zones’ (Hart, M. 1978). The Earth 
clearly lies in such a continuously habitable zone, as life is known to have 
existed here for at least 3.8 billion years. Mars may have also been within the 
habitable zone in the distant past (when its core temperature was much higher 
than it is today), but today lies just outside it. This is yet another reason why 
Mars should be included in any origins-of-life discussions.  
 There are also other places within the Solar System that could 
potentially be conducive to life that lie outside of the habitable zone, and 
these are known as ‘habitable niches’. These can be areas where the local 
environment allows conditions to exist such that some life could survive 
Chapter 2: Life, 
As we know it 
31 
 
there. Such niches where once thought to be very limited or even non-
existent, but with the discovery of organisms that can survive in extreme 
environments, and the possibility of liquid oceans in the outer Solar System 
(Nimmo, F. and Pappalardo, R. 2016), these niche environments now seem to 
be abundant throughout the Solar System and beyond.    
 
 
Figure 2.8: Diagram of habitable zone that corresponds to the range of orbital 
distances where water can exist in liquid form. Image courtesy: keckobservatory.org 
 
2.8.1 Extremophiles 
 Extremophiles are organisms that can thrive in environments that 
have extreme conditions that would be detrimental to most life-forms 
(Rampelotto, P. 2010).  Almost all niches in the Earth’s environment that 
were once thought to be sterile have shown some forms of extremophile life 
that exist in them. Many environments that are extremely acidic, hot, cold, 
pressurised, dark, and radiation drenched, have proved to be h me to some 
Chapter 2: Life, 
As we know it 
32 
 
very hardy organisms. The existence of extremophiles has broadened the 
habitats on Earth that life can exist in, and this has thus widened the habitats 
elsewhere in the universe that life may be able to exist. Some examples of 
extremo-tolerant organisms are as follows: 
Acidophile: an organism with optimal growth in pH levels ≤3 (Quaiser, A et 
al. 2003). 
Alkaliphile:  an organism with optimal growth in pH levels ≥9 (Horikoshi, K. 
1999). 
Anaerobe: an organism that does not require oxygen. A facultative anaerobe 
can tolerate both anaerobic and aerobic environments, but an obligate 
anaerobe will die in an environment with even trace levels of oxygen 
(Schöttler, U. 1979). 
Cryptoendolith:  an organism that can live in microscopic spaces inside 
rocks, such as pores between aggregate grains (Wierzchos, J. et al. 2011). 
Halophile: an organism that requires at least a 0.2 Molarity concentration of 
salt for optimal growth (Ollivier, B. et al. 1994). 
Hyperthermophile:  an organism that can survive and prosper a temperatures 
>80oC (Stetter, K. 2006).  
Hypolith:  an organism that can survive beneath rocks in cold deserts 
(Cockell, C. and Stokes, M. 2004). 
Lithoautotroph:  an organism that derives its carbon solely from carbon 
dioxide and exergonic inorganic oxidation (Ramos, J. 2003). 
Metallotolerant:  an organism capable of tolerating high levels of dissolved 
heavy metals in solution (Romaniuk, K. et al. 2017). 
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Oligotroph:  an organism that can survive and prosper in a nutritionally 
limited environment (Sioli, H. (1975). 
Osmophile: an organism that can survive and prosper in an environment 
with high sugar concentrations (Beuchat, L. (1981). 
Piezophile/Barophile: an organism that can survive and prosper in high 
pressure environments (Sharma, A. et al. 2002). 
Psychrophile/Cryophile: an organism that can survive and prosper at 
temperatures <–15oC (Neufeld, J. et al. 2013). 
Radioresistant: an organism that is resistant to high levels of ionising 
radiation (Sghaier, H. et al. 2008). 
Thermophile: an organism that can survive and prosper in temperatures 
between 45oC – 122oC (Madigan, M. and Martino, J. 2006). 
Xerophile: an organism that can survive and prosper in extremely dry, 
desiccating environments, such as deserts (Hocking, A. and Pitt, J. 1981). 
Polyextremophile: an organism that falls into more than one of the above 
catagories, e.g. a thermoacidophile, an organism which is a combination of 
the thermophile and acidophile categories; these prefer temperatures of 70-
80oC and a pH around 2-3 (Zaparty, M. and Siebers, B. 2011). 
 With so many types of life that are capable of surviving such 
extremes in environmental conditions, the range of potential habitats outside 
of the Earth is far more diverse than was previously thought. Other terrestrial 
planets, the moons of the gas planets, asteroids, comets, and Kuiper belt 
objects, even extrasolar planets may all have environmental niches that life 
could exploit to survive.   
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2.8.2 Solar System Habitable Niches 
 Mars is the obvious place to look for life beyond the Earth, as it was 
once more suitable to the conditions that life requires to form and prosper. 
However, to date, no direct evidence for life has yet been found, although 
indirect signs are often highlighted in the news; such as atmospheric methane 
on Mars being a possible biogenic signature for life (e.g. Meyer, M. and 
Vasavada, A. 2015), and the famous Martian meteorite ALH84001 (see 
Chapter 3, Section 3.2) that NASA announced may contain possible extra-
terrestrial microfossils.  
 
 
Figure 2.9: Image of the Martian surface taken by Mars Global Surveyor, showing 
valley networks similar to those on the Earth that are formed by running water. 
Image courtesy: Nasa   
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The discovery of gullies and possible drainage channels suggest 
evidence for short lived liquid water on, or beneath, the surface of Mars (e.g. 
Hargitai, H. et al. 2017). Although exactly how this occurs is not yet 
understood, it is hypothesised that frozen ice beneath the surface is subject to 
heating, and may burst through to the surface, and run freely before 
evaporating into water vapour. Valley networks similar to those on the Earth 
have also been seen across the Martian surface implying that water may have 
flowed freely in the past (Fig. 2.9). However, today almost all of Mars’ water 
appears to be frozen as ice, with a small amount present in the atmosphere as 
water vapour. The atmospheric pressure is too low (~600 Pa) for a standing 
body of water to exist on the surface. 
 Another possible location within the Solar System that may be 
survivable by extremophile life-forms is comets. Comets are made up of 
three main parts, the tail, the coma, and the nucleus. If life does exist on 
comets, it is likely to be in the nucleus (Fig. 2.10), the permanently solid part 
consisting of mostly dust and ice, as well as some organic compounds such as 
hydrogen cyanide, methane, and formaldehyde, as discovered by the Vega 
and Giotto spacecraft (Kissel, J. and Krueger, F. 1995).  
Comets have highly eccentric orbits that can range from a few years 
to 10’s or even 100’s of thousands of years. These eccentric orbits mean that 
there are extended periods when the comet is away from the sun, so any life 
on/within the comet would need to be able to survive without the sun as an 
energy source, or at least be capable of extreme hibernation during the long 
trips away from the sun. There are also radioisotopes with short half-lives, 
such as 26Al, that could provide heating to the nucleus that could sustain life 
buried deep within. 
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Figure 2.10: Image of the surface of the comet 67P/Churyumov-Gerasimenko 
from 16 km away taken by the Rosetta spacecraft. Image courtesy: Esa 
 
 Venus is another place that life may be able to survive. Although 
Venus today has a crushing surface pressure 92 times greater than the Earth, 
and an average temperature of 462oC – hot enough to melt lead, there may be 
life-forms that have evolved to deal with such extremes. Quite often when an 
environment on Earth has been assumed to be sterilising to life, later 
discoveries have shown extremophiles happily thriving there. There may be 
undiscovered polyextremophiles with qualities that incorporate the traits of 
hyperthermophiles, cryptoendoliths, lithoautotrophs, and barophiles, that 
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would thrive beneath the surface rocks, or in the cooler upper atmosphere of 
Venus (Gilli, G. et al. 2017). However, the extreme ‘Hell-like’ nature of 
Venus makes it a difficult place to simply explore, let alone carry out 
sensitive tests for life. Another extreme environment that could house 
extremophile life is Jupiter’s moon Io, a cold landscape of ice volcanoes 
drenched in radiation. Some form of polyextremophile with Psychrophile and 
radioresistant qualities may be able to live there. Psychrophile type 
organisms could also exist on Saturn’s cold moon Titan. However, life as we 
know it needs water, so the ‘follow the water’ approach would seem to be the 
most prudent measure when looking for life in the Solar System and beyond. 
 There is an estimated content of liquid water in the Solar System 
(outside of the Earth) of ~25-50 times the volume of Earth's 1.3 billion cubic 
kilometers of water (Frank, E. and Mojzsis, S. 2010), and this would seem an 
obvious place to look for signs of life (Fig. 2.11).  
 
Figure 2.11: Liquid water estimates for some of the moons in the Solar System. 
Image courtesy: Amanda Montañez 
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 The surface of Jupiter’s moon Europa shows a dynamic landscape of 
fractured frozen ice (Fig. 2.12). The tidal stresses imparted onto Europa from 
Jupiter cause the icy shell to crack, allowing liquid water to rise up and then 
freeze on the surface. This mechanism neatly explains the lack of impact 
cratering seen on Europa’s surface as well, which indicates it is under 
constant renewal. The liquid ocean beneath the icy shell is thought to be 
twice the volume of Earth’s entire water content (Fig. 2.11, Chyba, C. and 
Phillips, C. 2002), making it much deeper, and allowing for a much larger 
ecosystem – if life is present there.  
 
 
Figure 2.12: Europa’s Fractured frozen surface. Image courtesy: Nasa 
 
Tidal heating from Jupiter may cause hydrothermal vents at the 
bottom of the subsurface ocean, and this would be an ideal environment for 
life, similar to how it is in the oceans of the Earth (Chyba, C. 2000).  
Recent observations of icy plumes from the surface of Enceladus, and 
the thermal anomaly at its south polar region have suggested that this moon 
too has a subsurface ocean (Roberts, J. and Nimmo, F. 2008). Figure 2.13 
shows a diagram of the subsurface ocean mechanism, showing the tidal 
flexing induced hydrothermal vents that are theorised to keep the subsurface 
oceans liquid, and the plumes bursting through the icy surface. 
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Figure 2.13: Top: Diagram of possible subsurface oceans on moons, and small 
bodies in the Solar System (such as, Bottom Right:  Jupiter’s fourth largest moon 
Europa, and Bottom Left:  Saturn’s sixth largest moon Enceladus), hydrothermal 
vents powered by the gravitational tidal force from the parent planet warm the ocean 
keeping it liquid. Plumes of water can also melt and break through the surface 
creating geysers. Image courtesy: top: dsx.weather.com, bottom left: 
annesastronomynews.com, bottom right: astronomy.com  
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 Jupiter’s largest moon Ganymede has also recently be theorised to 
have a saline subsurface ocean. Patterns in the auroral belts, and ‘rocking’ of 
the magnetic field suggest the presence of an ocean estimated to be 100 km 
deep with the surface lying below a crust of ice 150 km thick (Nimmo, F. and 
Pappalardo, R. 2016). Ceres, the dwarf planet, may also have a subsurface 
ocean. In 2014 water vapour emissions were detected in several regions, 
which is unusual for asteroidal bodies, but more common in comets. Ceres 
also has a large mountain called Ahuna Mons which is believed to be a 
cyrovolcano which facilitates the movement of high viscosity cryovolcanic 
magma consisting of water ice softened by its salt content (Ruesch, O et al. 
2016).  
Juptier’s moon Callisto, the dwarf planet Pluto, Neptune’s moon 
Triton, and Saturn’s moon Titan, have all recently been theorised to contain 
subsurface oceans (Fig. 2.14, Nimmo, F. and Pappalardo, R. 2016).  
The Late Heavy Bombardment that delivered much of the Earth’s 
volatiles, could also have delivered volatiles, and complex organic materials, 
to these moons and dwarf planets ~4 billion years ago. They would have been 
much warmer at this time, and thus would have had much thinner icy shells, 
or even, possibly, short-term exposed liquid water at the surface.  
The implication is that the minerals and biogenic elements necessary 
for life as we know it may be present in these oceans, making them a place 
where life could have had a genesis and subsequent evolution. Therefore 
these subsurface oceans would appear to hold the best chance of finding other 
(extant) life in the Solar System, and this is where the future of the search for 
extra-terrestrial life is heading. NASA has announced the ‘Europa Clipper’ 
mission to be launched in the 2020’s that will perform multiple fly-bys of 
Europa attempting to determine if Europa is habitable, possessing all three of 
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the ingredients necessary for life; liquid water, chemical ingredients, and 
energy sources sufficient to enable biology (see nasa.gov/europa). 
 
 
Figure 2.14: Some of the possible bodies where subsurface oceans may exist in the 
Solar System. Image courtesy: farm9.staticflickr.com 
 
2.8.3 Extrasolar Habitable Zones 
 Potential habitats for life could also be found further afield, around 
other stars in the galaxy, so-called extrasolar planets, or exoplanets. There 
have been many exoplanets discovered in recent years that are within the 
habitable zone of their parent stars, such that liquid water could exist if the 
Chapter 2: Life, 
As we know it 
42 
 
planet was capable (Vogt, S. et al. 2010). This rules out gas planets, and 
planets with atmospheric pressures too low, but even so, this leaves a 
potential huge number of planets that could support life. Earth-like planets 
are the most likely for meeting the criteria for supporting life, these are 
generally known as Super-Earths as they tend to be larger than the Earth, but 
this is mainly due to detection bias as even these Super-Earths are just within 
current detection limits, so it is not that smaller ones do not exist, it is simply 
that we cannot detect them yet. 
 In 2010 a Super-Earth that was unlike any previously detected was 
discovered. The system (Star: 61 Virginis) was the first known example of a 
G-type sun-like star hosting a Super-Earth mass planet. Other multiple planet 
systems have been detected orbiting other types of stars with orbital periods 
less than an Earth year; some of these are, HD 75732 (55 Cnc), HD 69830, 
GJ 581, HD 40307, and GJ 876 (Vogt, S. et al. 2010).  
 In 2013 the Kepler Telescope was designed to hunt exoplanets and, 
since its launch, it has more than doubled the known number of exoplanets. 
Data from the telescope has led astronomers to suggest that there could be as 
many as 40 billion Earth-sized planets that are orbiting in the habitable zones 
of sun-like and red dwarf stars within the Milky Way Galaxy, with 11 billion 
of these orbiting sun-like stars (Petigura, E. et al. 2013).  
Proxima Centauri b, located about 4.2 light-years from Earth in the 
constellation of Centaurus, is the nearest known exoplanet. It is orbiting in 
the habitable zone of its star. The habitable niches of solar systems in the 
Milky Way Galaxy are also of particular interest to the emerging field of 
‘habitability of natural satellites’, because planetary-mass moons with 
habitable niches around planets in the other solar systems may outnumber the 
planets, just as they do in our Solar System.  
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So far the Kepler Telescope has discovered more than 1000 
confirmed exoplanets, and of these just 12 are less than twice the size of the 
Earth, and orbit within the habitable zone of their parent stars. Again, this is 
mainly due to detection bias; with improved detection capabilities the 
percentage of exoplanets detected that fall into this category may increase. 
Figure 2.15 shows their relative sizes to the Earth (for more information on 
the Kepler telescope see nasa.gov/kepler). 
 
 
Figure 2.15: The 12 exoplanets Kepler has found that are less than twice the size 
of the Earth and have orbital periods less than one Earth year. The planets are shown 
with relative sizes to each other, but are enlarged 25 times compared to the stars for 
ease of viewing. Image courtesy: Nasa 
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2.9 Conclusion  
 This chapter looked at the history of the Earth from its formation in 
the Solar System through to the emergence of complex higher life-forms. A 
discussion of what constitutes life was then presented, and the possible 
origins of life were considered. Then, the history of life upon the Earth and 
the requirements for life were carefully examined. It was concluded that life 
as we know it depends upon certain biogenic elements and in particular the 
chemical, water. In light of this, a ‘follow the water’ style examination of the 
Solar System was presented to determine what possible habitable niches may 
exist within the Solar System that life could inhabit and successfully survive. 
Further to this, extrasolar planets, or exoplanets, were also considered for the 
habitability of life, and some of the known terrestrial like planets that orbit 
within the habitable zones of their parent stars were presented. The next 
chapter will look at the mechanisms for how life might naturally migrate 














PANSPERMIA –  
DESTINATION UNKNOWN 
 
“Is there anybody out there? 
 Is there anybody out there? 
 Is there anybody out there? 




This chapter describes the hypothesis of panspermia, beginning with a 
look at the history of the idea, and then some of the variations of the theory. 
The dangers and constraints of panspermia are then discussed, before a 
discussion on the possible routes within the Solar System, and the timescales 
involved, that may be conducive to the idea of panspermia.  
 
3.2 What is Panspermia? 
 The hypothesis of panspermia – the migration of life-forms through 
the universe – is a very old theory. Ancient Sumerian creation myths such as 
the ‘Epic of Gilgamesh’ speak of great beings the ‘Anunnaki’ (literally, 
‘those who from heaven to Earth descended’) that came to the Earth from 
their home ‘Nibiru’ far in the heavens and created life on the Earth. The 




Babylonians tell of similar tales in the ‘Enuma Elish’ with the great creator 
Marduk (Sitchen, Z. 1976). The African Dogon tribe have oral traditions that 
claim they are descendents of ‘Sky People’ that came from a planet of the 
star Sirius (Temple, R. 1998). In the traditions of the native American Spomi-
tapi-ksi or “Blackfoot’’ tribe, the ‘Above People’, or ‘Sky Beings’, were the 
first creations of the Blackfoot god Apistotoke. They believe the celestial 
bodies are representations of real beings, the Sun, Natosi, the moon goddess, 
Komorkis, the immortal hero Morning-Star, and all the stars in the sky. The 
‘Above People’ are said to have their own land and their own society above 
the clouds (Clark, W. 1908). Such myths and legends are cited by those who 
believe in the ‘Ancient Astronaut’ theory, suggesting intelligent life visited 
the Earth in the remote past. If such a theory were true, and life was created 
this way, it would be a form of ‘directed panspermia’ (see Section 3.3.2). 
 As fascinating as these ancient myths are, the first mainstream 
evidence of the panspermia theory is seen as far back as 500 BC with the 
Greek Philosopher Anaxagorus who proposed the idea as a possible origin 
for life on Earth (Roten, C. et al. 1998). The idea was wildly radical for the 
time and quickly discarded. Although many noteworthy philosophers and 
scientists through the years have believed in the concept of alien life (see 
Chapter 1)   the idea of panspermia was not revisited seriously until the late 
19th century. Scientists such as Helmhotz, Richter, and Lord Kelvin proposed 
‘Cosmozoa’, a theory suggesting life may have arrived on the Earth in the 
form of seeds from some other world inhabited by life, via meteorite impacts 
(Jackson, F. and Moore, P. 1962, Crowe, M. 1986). A few years later in 
1903, Arrhenius proposed a similar theory, and then in 1908 he renamed the 
theory as panspermia, meaning ‘seeds everywhere’ (Arrhenius, S. 1908). In 
Arrhenius’ theory there were no meteorites to deliver life, he instead 
proposed bacterial spores could exist in space and travel via stellar radiation 
pressure, falling to planets through gravitational attraction (see Section 




3.3.1). However, with the advent of the understanding of cosmic rays and the 
radiation environment of space, the idea lost favour again, and spontaneous 
emergence through chemical reaction became the favoured theory for the 
origin of life on Earth (see Davis, R. 1988).  
 Over the decades little thought was given to panspermia scientifically 
(although the ‘Roswell incident’, and others like it, did bring panspermia as a 
concept back in many non-scientific works). Sir Fred Hoyle made a 
suggestion that sudden outbreaks of diseases in localised areas could be due 
to panspermia (Hoyle, F. and Wickramasinghe, C. 1980). However, these 
claims have largely been refuted or ignored, as viral pathogens evolve 
alongside their host organisms. A virus from an extraterrestrial environment 
would be unlikely to have a make-up that was readily compatible with life on 
Earth, and would thus be unable to use Earth life as a host organism to infect 
and replicate.  
 In 1996 panspermia was thrust back into the fore again as NASA 
scientists announced an amazing discovery to the world’s press; 
“Extraterrestrial Life!”. 
 These NASA scientists claimed to have found evidence for fossilised 
life (a type of bacteria) inside a meteorite (McKay, D. et al. 1996), known to 
have originated on Mars (Mittlefehldt, D. 1994); the now famous Martian 
meteorite ALH84001 (see Fig. 3.1), found on the Allen Hills ice sheet in 
Antarctica where it had rested since falling around 13,000 years before being 
collected in 1984. Carbonate globules discovered inside the meteorite 
contained small nano-structures that looked much like bacterial micro-
organisms (see Fig. 3.1). Although other meteorites have since been found 
containing similar structures, seemingly strengthening the claims of McKay 
et al. (Gillet, P. et al. 2000, Gibson, E. et al. 2001), the claims have been 
refuted by many other scientists (Sears, D. and Kral, T. 1998, Buseck, P. et 




al. 2001). To this day it has not been conclusively shown how these features 
in the meteorite could have been formed. A 2004 press release by NASA (see 
nasa.gov – news releases 2004) claimed a team lead by D. C. Golden had 
recreated similar features in a laboratory environment without biological 
inputs. However, McKay claims that these results were obtained using 
unrealistically pure raw materials and will not therefore explain many of the 
features described in the 1996 paper. McKay later stated to USA today 
(Crenson, Matt 2006-08-06) that any plausible inorganic model "must 
explain simultaneously all of the properties that we and others have 
suggested as possible biogenic properties of this meteorite".  
 
 
Figure 3.1: The controversial ALH84001 Martian meteorite. Inset: the electron 
microscope image showing tiny structures similar to microfossils that were though  
to be evidence of fossilised life from Mars. Image Courtesy: aerospaceweb.org 




The structures within ALH84001 are 20-100 nm (in line with the 
theorised nano-bacteria) which is much smaller than any known cellular life, 
and the basis for the structures being biogenic in origin is due to morphology 
alone. However, the scientific consensus is that "morphology alone cannot be 
used unambiguously as a tool for primitive life detection." Interpretation of 
morphology is notoriously subjective, and its use alone has led to numerous 
errors of interpretation (Garcia-Ruiz, J. 1999). Therefore the general 
consensus in the scientific community currently is that extraterrestrial life is 
still yet to be discovered.  
However, panspermia  received another boost when Burchell, M. et 
al. (2001) showed that bacteria could survive impacts of up to 5.4 km s-1, the 
pressures of such an impact being ~30 Gpa. This was the first definitive proof 
that a life-form really could survive the type of impact needed to naturally 
deliver life to another planet, and beckoned a resurgence in work relating to 
panspermia. Flyer plate experiments showed that the lichen species 
Xanthoria elegans could survive pressures above a few GPa (Horneck, G. et 
al. 2001b, 2008), and in 2013, Price, M. et al. showed that yeast spores could 
survive impacts up to 7.4 km s-1, in a similar pressure range to bacterial 
spores ~30 GPa.  
Recently Benner, S. and Hyo-Joong, K. (2015) presented evidence 
that the early Martian surface provided a much more appropriate setting for 
the necessary steps for life to emerge chemically; the main claim being the 
desert like expanses (as opposed to an Earth flooded at the same time), and 
the abundance of, molybdenum. This lead to the speculation that life could 
have first originated on Mars, and then through a panspermia-style impact 
was transported to the Earth, and as the climates of both planets changed, life 
thrived upon the Earth, but died out on Mars. If such a claim was ever proven 
true, the implications would be enormous. These recent findings have kept 




the concept of panspermia firmly in the limelight, and many researchers now 
work on similar themes around the world. 
3.3 Variations of Panspermia 
 The previous section described panspermia as a method for life-forms 
to migrate throughout the universe. A more detailed description, providing 
more information on the panspermia hypothesis is presented in this section. 
While the main idea of panspermia is the migration of life throughout the 
universe, there are variations to this main theme, and these differing 
individual theories can be combined together with each other, to allow for the 
most optimal transport conditions for life. 
3.3.1 Radiopanspermia 
Radiopanspermia was first proposed by Arrhenius in 1903 (although 
he did not name it as such at the time). Arrhenius proposed that microbial 
organisms could naturally exist in space, and that they could be propelled 
through the interstellar medium via the pressure of stellar radiation. If, while 
drifting through space, the organisms pass close to a planet, the gravitational 
pull of that planet would pull them in, and bring them down to the surface of 
that world. Although the main criticism to this version of the theory is that 
the organisms have no protection against the harsh radiation environment of 
space (Secker, J. et al. 1996, Clark, B. et al. 1999), recent studies aboard the 
International Space Station have shown that in fact several species are 
capable of surviving prolonged exposure to space with no protection 
(Rebecci, L. et al. 2009, Rebecci, L. et al. 2011, Vukich, M. et al. 2012, 
Frosler, J. et al. 2017). The bacterium Deinococcus geothermalis as a biofilm 
has been shown to survive simulated space-like conditions of radiation 
(Frosler, J. et al. 2017). The Tardigrade Resistance to Space Effects (TARSE) 
project showed that microgravity and radiation had no effect on survival or 




DNA integrity of active tardigrades. During the flight mission, tardigrades 
molted, and females laid eggs. Several eggs hatched, and the newborns 
exhibited normal morphology and behaviour (Rebecci, L. et al. 2009). 
Additionally, the Endeavour mission in 2011 carried out the TARDIKISS 
(Tardigrades in Space) experiment, with initial results showing that 
microgravity and cosmic radiation did not significantly affect the survival 
rate of tardigrades (Rebecci, L. 2011, Vukich, M. 2012). However, Rizzo, A. 
et al. (2015), showed there was a significant difference in activities of 
reactive oxygen species (ROS) scavenging enzymes, the total content f 
glutathione, and the fatty acid composition between tardigrades sent into 
space and control animals on Earth.  
The current Japanese Tanpopo mission hopes to further test life to 
the extremes of the space environment at the Exposed Facility of the 
International Space Station (Kawaguchi, Y. et al. 2016). 
 
3.3.2 Directed Panspermia 
Directed panspermia is a deliberate seeding of life from one planet to 
another via artificial means, such as a spacecraft. Crick, F. and Orgel, L. 
(1973) argue that if humans are now capable of travelling into space and 
seeding life onto another world by design, then other intelligent life in the 
universe with space faring capabilities could have seeded the Earth ~4 billion 
years ago while it was still barren of life. While directed panspermia has the 
advantage of overcoming the radiation issues associated with 
radiopanspermia, it does require the assumed presence of intelligent alien life 
more than 4 billion years ago. However, this variation of panspermia may 
have already occurred, accidently. In the early years of space exploration 
there was no stringent precautions in place to avoid unwanted organisms 




from existing on, or within, these early spacecraft. Even with modern day 
precautions, there is always a chance that a rogue organism could find its way 
into a spacecraft destined for another planet, and with lander missions to 
Mercury, Venus, the Moon, Mars, Saturn’s moon Titan, the asteroids Eros, 
and Itokawa, and the comets 9P/Temple 1, and more recently, 
67P/Churyumov-Gerasimenko, already completed, who knows how many 
bodies in our Solar System we may have accidently transferred life to. 
Indeed, 30 months after the end of the Lunar Surveyor III lander completed 
its mission, the crew of Apollo 12 brought back the camera, and bacteria 
(Streptococcus mitis) were discovered inside the camera housing (Clark, B. et 
al. 1999). Because of this discovery and similar concerns, NASA 
implemented the Outer Space Treaty. This ensures the design of any 
interplanetary mission complies with the Planetary Protection Policy (see 
planetaryprotection.nasa.gov/overview - for an overview), which aims to 
prevent the biological contamination of both the target body, and the Earth 
(in the case of a sample return mission).   
 
3.3.3 Lithopanspermia 
Lithopanspermia or ‘rocky panspermia’ describes the viable 
propagation of micro-organisms through space on or within rocky bodies 
such as comets, asteroids, and meteors (Melosh, H. 1988). This involves 
launching rocky, life-bearing, material into space from a planetary surface, its 
transfer around the Solar System, and its eventual impact onto a new planet. 
There are a number of steps involved in the survival and transfer process of 
an organism to another Solar System body (for example, see De Vera, 2012, 
and Mileikowsky et al., 2000). It has to survive: (i) the initial impact that 
launches it into space from its parent body; (ii) the freezing journey through 
the radiation and vacuum of space; (iii) the impact of delivery onto the new 




potential habitat. The delivery onto a new body will likely involve a high 
speed impact (above 1 km s-1) which would generate a significant shock 
pressure in the range of 10’s of GPa. If ejected rocks could successfully 
transfer viable micro-organisms across the Solar System, then the micro-
organisms would need to be able to survive the shocks involved in both the 
initial impact that launched the rocks, and the resulting impact that delivers 
them to the new body. This variation of panspermia, like radiopanspermia, is 
natural and requires no intelligent life for it to occur. However, unlike 
radiopanspermia, organisms trapped within porous rocks, or frozen in ice, are 
afforded some protection against the radiation environment of space by the 
very materials they are trapped within. Therefore, the main obstacle for life to 
overcome, to become a successful candidate to survive a lithopanspermia 
style journey, is the impact into the target body; this is further discussed in 
the next section. Not long ago it was believed that no organism could 
possibly survive the extremely high shock pressures of an impact onto a 
planetary body from space. However, recent studies have shown that several 
microbial species (in both active and spore states) can be successfully 
transferred from a projectile to a target in impacts above 1 km s-1, and thus 
survive shock pressures in the GPa range (Burchell et al., 2001, 2004); and 
the list of potential organisms that can survive such extremes, is steadily 
growing (see Section 3.4.4 for more detail). This version of panspermia can 
also be affected by the same propulsion method as radiopanspermia, namely 
stellar radiation pressure, as well as gravitational attraction.  
 With the protection from the radiation environment of space inherent 
in this version of panspermia, it is considered the most likely case for natural 
migration through space. As this is the version of panspermia being 
considered in this research, the next section will provide a more detailed look 
at the process of a natural interplanetary journey.  
 





3.4 An Interplanetary Journey 
 Lithopanspermia as a concept has three main stages that any organism 
on the journey would have to survive (See Fig. 3.2). The first stage of any 
interplanetary journey is getting off the planet, and into space. The second 
stage of the journey is travelling through the harsh environment of 
interplanetary, interstellar, or even intergalactic space. The third stage, upon 
arrival at the destination planet, is the descent to that planet’s surface. These 
three stages and their implications for any potential panspermia-capable life-
forms will be discussed in depth in this section. 
 
 
Figure 3.2: The three stages in the interplanetary journey for any potential 
lithopanspermia-capable life-forms. Stage one: ejection from the planet of origin at 
a velocity higher than the escape velocity. Stage two: the journey through space on 
or within rocks and/or ice. Stage three: descent to the planet’s surface via 
hypervelocity impact. Figure composed by author 





3.4.1 Impact Cratering. 
For lithopanspermia, rocks and/or ice must be ejected into space from 
the planet’s surface, this inevitably requires a highly energetic process as the 
material must be accelerated to a velocity beyond the planet’s gravitational 
escape velocity (for the Earth, this is 11.2 km s-1, whereas for Mars it is 5.08 
km s-1). While it is possible for volcanism to eject dust particles (capable of 
containing life) into space at velocities greater than the escape velocity of the 
Earth (Wilson, L. and Keil, K. 1997), such particles are very small and would 
provide little protection against radiation, and would likely burn up during 
entry into a planetary atmosphere. Realistically, much larger particles would 
be required for lithopanspermia to be successful, and volcanism cannot lift 
such particles into space at the necessary velocities. To naturally lift larger 
particles into space at velocities greater than the escape velocity requires the 
violent process of a hypervelocity impact. A hypervelocity impact is an 
impact in which the projectile’s velocity is greater than the sound speed of 
the projectile material. The sound speed is determined as the speed at which a 
shockwave travels and dissipates through a material (Burchell, M. et al. 
1999). In such an impact, when the front of the projectile makes contact with 
the target and experiences extreme deceleration, the shock information 
generated does not have time to reach the back of the projectile, before the 
back has continued to travel some distance further. This causes an extreme 
compression of the projectile, generating extreme temperatures, often 
vaporising the material. Impacts such as these are typically over a few km s-1.  
When hypervelocity impacts occur onto solid bodies (e.g. a rocky or 
icy planet), craters are formed. There are two types of craters involved in 
large scale hypervelocity impacts: simple craters, and complex craters. 
Simple craters (see Fig. 3.3 for an example) look fairly circular; have a raised 




rim, an almost parabolic cross-section, and a rim-to-rim diameter that is 
approximately five times the rim-to-floor depth (Melosh, H. 1989). However, 
at a given threshold diameter (determined by the local gravity of the target 
body) the structure is affected by gravitational collapse of the crater, forming 
a complex crater (see Fig 3.4 for an example). Melosh, H. (1989) determines 
the relation to be the inverse of the local force of gravity per unit mass, (i.e. 
the higher the local gravity, the lower the threshold diameter for collapse). 
This in turn gives threshold diameters for the Earth of ~2 – 4 km, for 
Mercury ~7 km, and for the Moon ~ 10 – 20 km.  
 
 
Figure 3.3: Meteor Crater in Arizona, USA; an example of a simple crater. The 
crater is 1.2 km wide, approximately 50,000 years old, and was created by an 
asteroid travelling at 11.9 km s-1, releasing more energy than a 20 megaton thermo-
nuclear explosion. Image courtesy: meteorcrater.com 





Figure 3.4: An oblique view of the 100 km wide Theophilus Crater on the Moon; 
an example of a complex crater – note the central peaks. Image taken with the 
Apollo 16 metric mapping camera. Compared to the other craters on the Moon, this 
is a relatively young one. Image courtesy: Nasa 
 
During complex crater formation, the material compressed beneath 
the crater can produce a significant upwards force as it rebounds after the 
initial compression from impact. This force can distort the shape of the final 
crater producing a central peak (and in some cases, inner rings of peaks, or 
wall terraces). However, not all materials behave the same way. Bray, V. 
(2009) notes that, no peak-ring centres are observed on the icy satellites of 
Jupiter, and instead central pits are witnessed, sometimes with raised rims 
(see Melosh, H. 2009 for a description). 
There are five phases of crater formation before the final crater is 
formed (see Fig. 3.5). During the compression phase (which occurs 
immediately after the projectile makes contact with the target body), a 




significant fraction of the projectile’s kinetic energy is transferred to the 
target body, and due to the conservation of energy, the projectile reduces in 
velocity as the target material resists penetration. As the projectile impacts 
into the target body it pushes material out of its way, compressing and 
accelerating it. These changes in velocity and morphology are affected by 
shock waves, originating at the point of contact and propagating into both the 
projectile and the target body. For most hypervelocity impacts the peak shock 
pressures tend to be in the GPa range as opposed to most material strengths 
being in the MPa range (Melosh, H. 1989). When the shock pressure is much 
higher than the material strength, the material will ‘flow’ and act as though it 
has no strength, behaving like a fluid. As the projectile is unloaded from the 
high pressure state it can melt, or even vaporise.  
This phase of the impact process is only considered to last as long as 
it takes for the initial shock wave (and subsequent rarefaction wave) to cross 
the projectile. Melosh, H. (1989) determines this to be approximately:  劇寵 噺 挑蝶日     (Eq. 3.1) 
where Tc is the time it takes the shock wave to cross the projectile (s), L is the 
length of the projectile (m), and Vi is the velocity of the projectile (m s
-1). To 
give an example, a hypervelocity impact with a 10 cm meteorite impacting 
the earth at 20 km s-1, Tc would be ~5 たs. Only in truly giant impacts does 
this phase exceed one second; at 20 km s-1, an impactor would have to be 20 
km or more. 
 After the compression phase, the excavation phase begins. The shock 
wave continues to propagate through the target body in an approximately 
hemispherical wavefront. This wavefront sets into motion the material it 
passes through. This opens the crater via a subsonic evacuation flow of 




material away from the epicentre of the impact event. This is why craters 
appear fairly circular, and their diameters are much larger than the diameters 
of the projectiles that caused them. However, as impact velocities reduce 
below the regime of hypervelocity, the crater cavity grows at a decreasing 
rate until eventually, when the impact induces pressures that are much less 
than the material strength of the target body, crater formation is halted 
altogether, by the strength of the target material and the lithostatic pressure 
applied by the rocks surrounding the impact site (Melosh, H. 1989).  
 As the shock wave spreads, it dissipates, and the shock pressures fall. 
Accordingly, this allows the material strength, and gravity, to become more 
important to the process, towards the end of this phase (eventually leading to 
the modification phase). The evacuation phase is much longer than the 
compression phase. For example, if the material strength is ignored (as is the 
case when impact pressures are orders of magnitude higher than the material 
strength of the target), then the time taken for the maximum depth of the 
crater to be achieved can be approximated to the freefall time an object 
experiences falling the same distance: 劇勅 噺 謬態帖直     (Eq. 3.2) 
where Te is the time to evacuate the crater (s), D is the maximum crater depth 
(m), and g is the acceleration due to local gravity (m s-2) (Melosh, H. 1989). 
To give an example, consider Meteor Crater in Arizona (see Fig. 3.3). At a 
depth of 170 m and Earth’s local gravity being 9.81 m s-2, the excavation 
phase would have lasted just 5.89 s. The ‘transient crater’ will then begin to 
collapse under gravity as it enters the modification phase. In this phase, loose 
debris can fall down steep inner walls, accumulating at the base of the crater. 
In larger impacts, elastic rebound provides an upthrust force on the crater. 




This can lead to the formation of central peaks, as described in complex 
craters above. The length of this phase is of a similar order of magnitude to 
the excavation phase. It can be approximated as the time taken for a piece of 
material to traverse the slope of the crater: 劇陳 噺 謬帖直    (Eq. 3.3) 
where Tm is the time for modification (s), D is the maximum crater depth (m), 
and g is the local gravity (m s-2) (Melosh, H. 1989). Considering Meteor 
Crater again, the modification time would be 4.2 s.  





Figure 3.5: The five phases of crater formation (French, B. 1998). 




3.4.2 The Ejection of Life 
When giant impacts occur, much of the surface materials where the 
crater is formed are vaporised. Those which are not vaporised are thrown as 
ejecta, much of which falls back to Earth some distance from the crater, 
forming an ejecta blanket around the crater. However, some of this ejecta 
gets thrown into space and escapes the gravity of the Earth. It is this ejecta 
that has the potential to lift micro-organisms into space for a panspermia style 
journey.    
Organisms that reside underground, or are frozen in subsurface ice, 
seem the most likely to survive such a process, as they will not be directly 
affected by the vaporisation of the surface layers above them during impact. 
Cockell, C. and Barlow, N. (2002) have shown evidence of micro-organisms 
at the typical depths in the Earth that rocks would be ejected into space 
should such an impact occur. Horneck, G. et al. (2001b) have tested the 
survivability of bacteria to the pressures of a large scale impact that could 
eject them into space via explosive shocks up to 32 GPa. Although the 
percentage of survival was low (0.01%), this is a positive result showing 1 in 
every 10,000 organisms could survive such ejection from a planet.  
Another important effect that can occur during a hypervelocity 
impact, which has significance for panspermia (notably, the ejection of life 
into space stage) is known as ‘spallation’. As the shock wave of an impact 
radiates outward from the contact point of impact, the pressures can break 
material away from the body (these are known as spall, see Fig. 3.6), and 
these can be ejected from the surface with enough force to escape the 
gravitational field of the Earth, and any life on such spall material would also 
be carried into space.  





Figure 3.6: Impact cratering showing spallation lift at a distance from the impact 
epicentre. Image courtesy: Esa 
 
While ejecta thrown directly from the impact epicentre can also lift 
material into space, this material is subjected to much higher pressures. 
Spallation materials can be ejected into space having only been subject to 
pressures up to an order of magnitude lower than those of the impact itself 
(Burchell, M. et al. 2003), thus giving a far greater probability of survival to 
any life ejected this way. Indeed, it has been shown that viable microbes can 
be carried on ejecta launched at high speed due to a nearby impact event 
(Burchell et al., 2003; Fajardo-Cavazos et al., 2009). 
 
3.4.3 A Cosmic Adventure 
 Once life-forms are successfully launched into space encased within 
ice and/or rocks they then have to face the long journey through the harsh 
radiation of interplanetary, interstellar or even intergalactic space. Gladman, 




B. (1997) and Eugster, O. (2006) have shown that the measured cosmic ray 
exposure ages of some meteorites imply this process can take millions of 
years (for examples, see Table 3.1 for Martian meteorite travel times). During 
this transfer phase any life-forms would need to survive the exposure to the 
vacuum of space, the harmful radiation, and the freezing temperature. The 
more material that surrounds and encases the organisms, the more protection 
they are provided against the radiation and vacuum.  
 Although once believed to be completely sterilising (Clark, B. et al. 
1999), recent work has shown several species can survive direct exposure to 
space (see Section 3.3.1 for examples). Additionally, within the last 20 years, 
it has been shown that a number of prokaryotic species are able to survive 
simulated, and real, space exposure conditions. Bacteria and Archaea are able 
to resist high doses (113 kGy) of ionising radiation (Brandt, A. et al. 2017), 
as well as UV radiation (Xue, Y. and Nicholson, W. 1996, Riesenman, P. and 
Nicholson, W. 2000, Rainey et al. 2005), vacuum, and extreme high and low 
temperatures (Horneck, G. et al. 1994, 2001a, Moeller, R. et al. 2007, 2008a, 
2008b, 2010, Morozova, D. et al. 2007; Wagner, D. and Morozova, D. 2008). 
Recently a review by De Vera, J. (2012) has highlighted that some eukaryotic 
species (lichens - symbiotic associations between a fungus and an alga, or a 
cyanobacterium) can also survive the damaging environment of space. 
 While these organisms can survive such extremes in experiments, 
most natural transfers between planets will be on the order of millions of 
years, and thus these short exposure experiments cannot predict the effects of 
exposure for such long periods. However, Valtonen, M. et al., (2009) has 
shown that protection from radiation within rocks can last into the order of 
millions of years. In a group of rocks with average radii 2.33–2.67 m, D. 
radiodurans-like bacteria could survive for up to 400–500 million years in 
interstellar space.  




The best possible option for any life-forms would be a combination of 
good protection from the elements, and a minimal transfer time. The optimal 
transfer times between planets – Hohmann Transfer Orbital Paths – are 
discussed in Section 3.5. 
 
3.4.4 Arrival at an Alien World 
 Once at the destination planet, assuming there are the minimal 
nutrients and minerals needed to sustain life, some of the transferred 
organisms must reach the planet’s surface (or atmosphere) in a viable state 
for seeding to occur, and thus lithopanspermia to have been successful; i.e. 
they must survive the descent to, and impact on to, the planet’s surface. 
 Any object travelling through space towards a planet with an 
atmosphere, will undergo a change of environment, travelling through a near 
vacuum to suddenly travelling in an area densely populated with gas 
molecules (dense relative to the near vacuum of space). When travelling at 
velocities typical of meteors, asteroids, and comets in the Solar System (~20 
km s-1, but can be individually lower, or higher than this), the change in 
environment is equivalent to an impact. This creates high pressures and 
temperatures and as the material passes through the atmosphere, the 
collisions with the gas molecules create additional heating. The atmospheric 
drag experienced by smaller impactors can actually slow the impactor 
significantly allowing it to impact the surface with a lot less force. However, 
larger impactors smash through the atmosphere far more violently, and can 
often break apart during flight due to the shear stresses. The fragments of the 
parent impactor continue to fall causing multiple hypervelocity impacts on 
the surface (Melosh, H. 1989).  




 As recently as 20 years ago it was widely believed that no living 
organism could possibly survive such extreme conditions of atmospheric 
entry, and hypervelocity impact, on the surface of a planet. However, as 
touched upon in Section 3.2, Burchell, M. et al. (2001), have demonstrated 
the ability of bacteria to survive hypervelocity impacts of 5.4 km s-1 with 
peak impact pressures of ~30 GPa. Experiments using magnetically 
accelerated flying plate impacts to generate shock pressures have also 
demonstrated the ability of micro-organisms and lichens to survive peak 
shock pressures above a few GPa (Horneck et al., 2001b, 2008; Willis et al., 
2006; Stöffler et al., 2007), and the survivability of yeast spores in impacts up 
to 7.4 km s-1 has also been shown (Price et al., 2013). There is thus a growing 
volume of data demonstrating the survival of organisms in this shock 
pressure regime (Burchell et al. (2010) gives a review). However, while this 
applies to smaller organisms (1-10 µm in size), larger (mm sized) more 
complex objects, such as seeds, are broken apart during impacts of 
approximately 1 km s-1 and pressures of 1 GPa (Jerling et al. 2008, and 
Leighs et al. 2012).  
 The atmospheric heating during entry is also not as hazardous to life 
as it might seem. During the passage through the atmosphere, Vaz, J. (1972), 
and Sears, D. (1975), suggest the extreme temperatures only extend a few 
millimetres into the surface of the impactor. The intense heat starts to melt 
the surface layer, and this forms a glassy surface called a fusion crust which 
effectively insulates the rest of the impactor. Analysis of the magnetic 
features of ALH84001 by Weiss, B. (2000), showed that the meteorite’s 
interior had not been subjected to more than 40oC since before the impact 
that launched it into space from the Martian surface. Wright, I. et al. (2000) 
also suggested that the presence of delicate structures of organic molecules, 
such as amino acids, found inside meteorites, confirms that temperatures 
within the rock do not exceed tolerable levels for life.   





3.5 A Solar System Road Map 
 Having established in the previous section that some forms of life are 
capable of potentially surviving the three main stages of lithopanspermia, this 
section looks at some of the possible routes within our Solar System that 
could provide viable transfers for life (various possible interstellar journeys 
are discussed in Chapter 8, Section 8.3.2). 
 Most meteorites are asteroidal, or cometary in nature, and a few are 
classified as originating on other bodies such as the Moon, or Mars. Of the 
more than 61,000 meteorites documented on earth, 196 are confirmed to be 
of Martian origin (Meteorical Bulletin Database). This is direct evidence that 
transfer from Mars to Earth is not only possible, but occurs with some 
frequency. It seems reasonable then that this route should be the first to be 
discussed. 
 So, just how often do impacts on the Martian surface cause the 
transfer of material to the Earth? Melosh H, and Tonks, W. (1993) suggest 
that approximately 20% of all Martian ejecta that makes it into space 
eventually accretes onto the Earth. The timescale for such transfers is 
estimated to be in the range of 0.6 – 15 million years (Wetherill, G. 1984). A
list of several Martian meteorite groups and their associated ages can be seen 












Table 3.1: Martian meteorite types and ages (Eugster, O. et al. 2006). 
Martian Meteorite Type  Age (Millions of years) 
Dhofar 019, olivine-phyric shergottite 19.8 ± 2.3 
ALH 84001, orthopyroxenite 15.0 ± 0.8 
dunite (Chassigny) 11.1 ± 1.6 
Five nakhlites 10.6 ± 1.0 
Lherzolites 3.8 – 4.7 
six basaltic shergottites 2.4 – 3.0 
Five olivine-phyric shergottites 1.2 ± 0.1 
EET 79001 0.73 ± 0.15 
  
 It is of course possible for surface material to be ejected such that it 
crosses the Earth’s orbital path almost immediately, and if the Earth happens 
to be at that point in its orbit, then the transfer could, theoretically, be less 
than a year. Gladman, B. (1997) suggests the probability for this to happen is 
10-7, but however small the probability, the possibility remains valid. Such 
optimal crossings between planets are called Hohmann Transfer Orbits, and 
are used to calculate when to launch missions to other bodies in the most 
optimal time.    
A Hohmann Transfer Orbit is an elliptical orbit (around the Sun) that 
crosses the orbit of the origin planet and the destination planet. The time 
taken to travel the part of the orbit that intersects with the origin planet to the 
part that intersects with the destination planet is calculated. Once this is 
calculated a spacecraft can be scheduled for launch such that the destination 
planet will reach the intersection at the same time as the spacecraft.  
 





Figure 3.7: Example of Hohmann Transfer Orbit, a hyperbolic escape from the 
orbit of Earth, into an elliptical orbit around the sun determined by a Hohmann 
transfer orbit, with a hyperbolic capture into orbit around Mars for a complete 
interplanetary transfer. Image courtesy: Brian Koberlein 
 
A Hohmann transfer orbit is normally calculated from either a 
planetary orbit or from orbit around a planet; it is the most optimal route 
between two planets, and is used to reduce as much as possible the time it 
takes to reach a planet (see Fig. 3.7 and Table 3.2).  
The celestial mechanics of the Solar System are such that there will 
be various windows of opportunity for Hohmann style transfers to different 
planets every so often, and it is quicker overall to wait for these windows 
than to launch earlier and take a longer route (in the case of Earth to Mars the 
window appears roughly every two years). 




Table 3.2:  Showing the time it takes to reach various planets in a Hohmann 
Transfer Orbit, and the change in velocity needed for spacecraft to achieve such an 















Mercury 0.39 7.5 5.5 0.3 
Venus 0.72 2.5 3.5 0.4 
Mars 1.52 2.9 3.6 0.7 
Ceres 2.77 N/A N/A 1.3 
Jupiter 5.2 8.8 6.3 2.7 
Saturn 9.54 10. 7.3 6.1 
Uranus 19.19 11.3 8.0 16.1 
Neptune 30.07 11.7 8.2 31.3 
Pluto 39.48 11.8 8.4 46 
Eris 67.8 N/A N/A 100 
Infinity ∞ 12.3 8.8 ∞ 
 
The best case for any meteorite carrying life is to be thrown from an 
impact onto a trajectory that matches a Hohmann Transfer Orbit. For an 
unaided natural Hohmann Transfer the impact would have to eject material 
from the Earth into an elliptical orbit that matches the path of a Hohmann 




Transfer Orbit within the correct window, such that when the material 
reaches the orbit of the destination planet, the planet is at that point in space, 
and its gravity well can capture the material, allowing it to fall to the surface. 
This is the best case scenario if the time the organism is frozen or exposed to 
space is a limiting factor.  
As stated above the probability for a Mars to Earth natural Hohmann 
Transfer is 10-7. While that appears unlikely given the current Martian impact 
rate for impacts large enough to lift material into space, that may not have 
been the case in the past during the Late Heavy Bombardment period 4.1 – 
3.8 Billion years ago – right at the cusp of the current estimates for the oldest 
evidence of life on Earth (see Chapter 2, Section 2.5). During this period, 
with the increased large scale impact rate (Burt, D. et al. 2008), the 
probability for such an optimal transfer would be raised also, and in a period 
lasting some 300 million years it is possible several such occurrences could 
have happened.  
The remaining 80% of all Martian ejecta that makes it to space, is 
suggested to impact Venus (20%), be expelled from the Solar System due to 
gravitational perturbations caused by Jupiter (20%), or fall back onto the 
Martian surface at a later date (40%) (Melosh, H. and Tonks, W. 1993).  
The journey from the Earth to Mars also happens, but is a lot less 
likely due to travelling against the pull of the Sun’s gravity. However, 5% of 
space bound Earth ejecta has been shown to fall on Mars in computational 
simulations (Melosh, H. and Tonks, W. 1993). 0% of the Earth’s space 
bound ejecta falls on Venus within ~15 million years, 20% is ejected from 
the Solar System by Jupiter’s gravitational perturbations, and the remaining 
ejecta is re-accreted by the Earth. This means that it is entirely possible that 
the Earth has seeded life onto Mars or Venus, once, or indeed many times, in 
the last several billion years.  




Any discoveries of life on these planets should therefore be viewed 
with caution as it may not be a second genesis at all, but merely a migrant 
“Earthling” and/or its subsequent evolutionary offshoot. 
Ejecta from Venus that makes it into space mostly re-accretes back 
onto the surface of Venus. However, as with the Earth and Mars, about 20% 
of this ejecta is gravitationally perturbed by Jupiter and is ejected from the 
Solar System, and some 30% makes it to the Earth’s surface, on a timescale 
of around 12 million years (Melosh, H. and Tonks, W. 1993). However, no 
Venusian meteorites have yet been determined, mainly because the Venusian 
surface soil has never been chemically analysed for its composition. 
Barsukov, V. et al. (1980) made models to attempt a prediction of the surface 
rocks’ composition based on data from the Venera 11 and 12 missions, but 
these were still unable to give any direct knowledge. The implication here 
being, there may be Venusian meteorites in the world’s collections, but their 
Venusian origins are simply not known.  
Simulations by Worth, R. et al. (2013) showed that materials ejected 
from the Earth and Mars in large impacts can also make it to the moons of 
Jupiter and Saturn, albeit much more rarely. Such transfers would have been 
more likely to occur during the Late Heavy Bombardment and the 2 billion 
years following it, during which time the icy moons such as Enceladus and 
Europa, were warmer and likely had little or no icy shell to prevent 
meteorites from reaching their liquid interiors. 
The fact that 20% of all space bound Martian, Venusian, and Earth 
ejecta are subsequently ejected from the Solar System has implications for 
interplanetary panspermia, both conceptually with possible seeding from our 
Solar System to another, and with the possibility of life arriving here from 
another planetary system elsewhere in the galaxy. This concept will be 
further discussed in Chapter 8, Section 8.3.2. 





This chapter follows on from the discussion of life and its origins in 
Chapter 2 and described the concept of panspermia - a hypothesis describing 
the possible natural migration of life between different celestial bodies in the 
universe. A number of different variations were presented, and the most 
plausible one due to environmental protections within rocks and/or ice is 
lithopanspermia. This was then discussed in further detail as it will be the 
version that is considered within the context of the research conducted here.  
The process of impact craters was described in detail before the three main 
phases of lithopanspermia; ejection from a planet, crossing the gulf of space, 
and arriving at an alien world. After these phases had been discussed, 
possible routes through the Solar System with regards to panspermia were 
described as well as the average timescales involved and the most optimal 














PROCEDURES AND EQUIPMENT 
 
“What you do next will decide whether your crap day becomes everyone's last crap 
day or just another crap day. Get some guns to the back of their heads.” 
 
Negan, The Walking Dead 
 
4.1 Introduction 
 This chapter describes the various pieces of equipment that were used 
to perform the research presented in the following chapters. The selection of 
species for testing is discussed, and methods for the preparation of both 
projectiles and targets are described. Then two methods for calculating 
impact pressures are explained. Finally, the hydrocode modelling software 
used is discussed in detail before concluding remarks. 
 
4.2 The Two-Stage Light Gas Gun 
 Regular powder burning guns are limited in the velocities of the 
projectiles they fire. This is due to the uneven rate at which the powder burns 
over small timescales, and this creates a substantial pressure gradient through 
the column of gas behind the projectile (Stephenson, W. 1961). As the front 
of the column accelerates faster than the rear, the gas kinetic energy 
dissipates, resulting in a relatively inefficient transfer of energy to the 
projectile. This creates an upper limit to velocities achievable in powder 
burning guns known as the muzzle limit. This upper limit is around ~1.25 km 




s-1 (Crozier, W. and Hume, W. 1957). However, some high precision rifles 
claim velocities up to 1.7 km s-1. While impressive, it is no use for 
experiments testing hypervelocity impacts that require velocities in the 1–9 
km s-1 range. Such experiments require the use of a Two-Stage Light Gas 
Gun. 
 
4.2.1 Main Gun Set-up 
 The Two-Stage Light Gas Gun was designed to overcome the muzzle 
velocity constraint with standard guns and reach much higher velocities. 
Instead of firing the projectile and the gas at the same time, a Two-Stage 
Light Gas Gun separates the projectile and gas into two stages, hence the 
name (see Fig. 4.1). 
 
 
Figure 4.1: The Two-Stage Light Gas Gun at the University of Kent’s Impact 
Laboratory. The target chamber in the upper left of the picture. 




 A schematic diagram of the light gas gun can be seen in Fig. 4.2 and, 
following that diagram, the firing process occurs from left to right. Once the 
gun has been set up and the target is in place a large brass pendulum (PE) is 
lifted and then, upon firing, is released. The pendulum swings and forces a 
firing pin into a powder shotgun cartridge (C), this ignites the charge (just 
like a standard gunshot) and forces a nylon piston (P) along the pump tube 
into the entrance of the breech. The breech is already preloaded with a low 
molecular weight gas (a light gas such as hydrogen, helium, or nitrogen) 
which has been pumped in to a certain high pressure (on the order of 10–80 
bar, depending on the shot velocity that is required). A small disc called the 
‘burst disc’ (see Fig. 4.3) separates the breech from the launch tube (which is 
placed under vacuum). As the piston is forced into the breech the gas is 
pressurised even further, and then when the pressure is too great the burst 
disc ruptures (the burst disc can be scored if needed so that it ruptures at a 
lower pressure depending on the velocity required, see Fig. 4.3). A sabot (S) 
holding the projectile (sometimes the sabot is the projectile) is then 
accelerated down the launch tube due to the expansion of the gas out of the 
breech into the vacuum of the launch tube.  
 
 
Figure 4.2: Schematic of the Light Gas Gun, the firing process occurs left to right, 
see main text for detailed description of operation. 





Figure 4.3: Burst discs, approximate diameter ~1.25 cm. Left: a scored disc before 
(top) and after (bottom) firing. Right: a non-scored disc before (top) and after 
(bottom) firing. 
 
The launch tube is rifled to spin the projectile, allowing it to follow a 
more accurate path down the gun; this is also useful when the sabot is 
holding a projectile (see below). If the sabot is the projectile then it will 
travel through the blast tank passing through two laser curtains (L1 and L2) 
used to measure the velocity, and if successful, impact the target in the target 
chamber. If the sabot is not the projectile but is simply carrying it through the 
launch tube then the rifling can be very useful. This is especially true for the 
type of sabot that is known as a ‘split sabot’ (see Figs. 4.4 and 4.5).  





Figure 4.4: Schematic of a four piece split sabot showing end-on and side views. 




Figure 4.5: Photograph of a nylon four piece split sabot. Note, the cavity to hold 
the projectile penetrates halfway through the length of the sabot.  
 
 The split sabot holding the projectile travels through the rifled launch 
tube, and upon exiting the launch tube and entering the blast tank, the 
centripetal force of the spinning sabot causes the four quadrants of the sabot 




to travel off-axis at an angle of approximately 6° from the line of travel of the 
projectile (impacting the stop plate, SP) leaving the projectile to enter the 
target chamber and impact the target.  
 The hypervelocities are achieved due to the efficient method of gas 
expansion used in this two stage set-up. The lower the molecular weight of 
the gas the higher the expansion velocity of the gas, and thus the faster the 
projectile is accelerated. This is because of the inverse relation of the 
molecular weight of the gas to its expansion speed. The molecular kinetic 
energy of the gas can described as: 計継凋蝶 噺 戴態 倦劇   (Eq. 4.1) 
where KEAV is the molecular kinetic energy of the gas (J), k is the Boltzmann 
constant (J K-1), and T is the temperature (K). When free to expand fully (as 
when expanding into a vacuum) this expansion energy will be almost 
equivalent to the molecular kinetic energy.  
 
怠態兼懸態 噺 戴態 倦劇  (Eq. 4.2) 
where m is the mass (kg), and v is the expansion velocity (m s-1). If the 
temperature is held constant, then the expansion velocity will be inversely 
proportional to the root of the mean molecular weight of the gas: 懸 苅 ヂ兼   (Eq.4.3) 
Therefore, the lower the molecular weight of the gas, the faster the expansion 
velocity, using hydrogen gas it is possible to reach ~9 km s-1 (Moritoh, et al. 
2001).  




Predicting the velocity of any shot is a difficult process as many 
factors contribute to the overall velocity a projectile will achieve. The amount 
of gun powder in the charge, the molecular weight of the gas, the initial 
preloaded pressure of the gas, the thickness and/or scoring of the burst disc, 
and the size and weight of the projectile itself are all factors affecting the 
velocity that is achieved. It thus takes a skilled gun operator is be able to set-
up the gun such that a velocity can be predicted to with 0.1 km s-1 argin of 
error, fortunately Kent has an experimental officer capable of this. Table 4.1 
shows some of the parameters than need to be considered to predict a shot 
velocity. 
 









1.1 Nitrogen + SF6 
14 bar SF6 raised to 40 bar with thenitrogen 
and 10 g of gunpowder 
1.2 – 2.2 Nitrogen 40–70 bar and 8–10 g of gunpowder 
3.3 – 4.3 Helium 45–70 bar and 10 g of gunpowder 
4.4 – 5.7 Hydrogen 35–70 bar and 8–10 g of gunpowder 
 
The gun can also be used to perform lower velocity shots by simply 
using only the preloaded pressurised gas, with no powder charge, and thus no 
additional pressurisation with the nylon piston. For this method an electric 
current is used to ‘burn’ the burst disc causing it to rupture and the gas is 
released; the process then continues as described above.  




In order to accurately measure the velocity achieved, the projectile 
passes through two laser light curtains (L1 and L2, Fig. 4.2), its passage 
interrupts the signals from two photodiodes illuminated by the laser curtains. 
The timing between the resulting signal spikes, combined with the known 
separation of the two laser light curtains, allows a calculation of the velocity 
of the shot to be made that is accurate to within + 1%. 
 
4.2.2 The Cold Gun 
Another feature of the gun at Kent is its ability to perform ‘cold shots’ 
and is colloquially referred to as the ‘cold gun’. The ‘cold gun’ allows a 
frozen projectile to be mounted into the gun via a special brass holder 
(previously stored in a freezer). The launch tube is kept in a CO2 freezer 
overnight (at -180oC) prior to the shot. The gun is set-up as far as it can be 
before the cold elements are needed. A set of cooling pipes are in position at 
the position of the projectile and coolant fluid is pumped round to minimise 
the heat transfer to the projectile while the final parts of the gun are being set 
up. Once the gun is ready, the cold shot can be fired. The temperature critical 
part can be performed in less than 15 minutes, and temperature gauges at the 
breech confirm the temperature of the projectile at the time of the shot; these 
are usually around -20oC or so, confirming the projectile remained frozen as 
it was fired (as this is the temperature of the outside of the breech, which is 
the surface and warms the fastest – he interior is colder). This was the 
method used to fire the phytoplankton shots that required the organisms to be 
frozen into a projectile and fired; more detail on those shots is provided in the 
relevant methodology in Chapter 5. 
 
 




4.3 Species Selection 
 Two species were chosen for the main experimental phase of this 
exploration of panspermia; one flora, and one fauna. The reasoning here is 
that the flora (a phytoplankton) could be used as a potential food source for 
other more complex organisms that may be capable of panspermia. The 
reasoning for the other species is that no multi-cellular complex organisms 
have yet been shown to be capable of surviving the type of hypervelocity 
impacts necessary for panspermia to occur. The tardigrade species chosen 
here is a complex multi-cellular creature known to be able to survive in 
extreme environments (Beltran-Pardo, E. et al. 2015), and so it was selected 
for testing in hypervelocity impact scenarios.  
Any life-forms travelling to a new world devoid of life would need to 
be primary producers and create their own energy (such as photosynthetic or 
chemosynthetic organisms do), else they would need a companion life-form 
that is a primary producer. Any transfer of life onto a lifeless world would 
require a new food chain to be set up, primary producers can do this, but 
more complex organisms such as the tardigrade cannot. Without a suitable 
food chain in place, any non primary producing organism would very quickly 
die out. The tardigrade eats various kinds of algae and therefore, if it was 
capable of surviving the trip to a new world, it would need a food source, 
such as phytoplankton. Any impact that lifted tardigrades into space on a 
panspermia style journey, would invariably also lift algae as well, thus both 









4.3.1 Phytoplankton Species Nannochloropsis oculata 
Nannochloropsis oculata Phytoplankton is a eukaryotic 
photosynthesizing autotroph that can survive in both freshwater and marine 
environments. These micro-organisms inhabit the euphotic zone in the 
world’s oceans (i.e. the sunlit surface layers of the oceans), and most bodies 
of fresh water. Photosynthesis by phytoplankton accounts for almost half the 
total photosynthetic energy on Earth, as the net annual photosynthesis by 
ocean dwelling phytoplankton alone is of a similar magnitude as that 
achieved by all terrestrial plants (Field et al., 1998; Behrenfeld et al. 2001) 
and thus phytoplankton are directly responsible for much of the Earth’s 
atmospheric oxygen. They are also primary producers, and create organic 
compounds from the carbon dioxide that is dissolved in the water, and this 
process helps sustain the aquatic food web, making phytoplankton the base of 
several large food chains (Ghosal et al., 2001). For this reason, 
Phytoplankton was chosen for this study. Similar experimental studies have 
been conducted with prokaryotic organisms, such as bacteria (Burchell et al., 
2004), and this study aims to add data for eukaryotic species into the 
panspermia debate. Phytoplankton are also excellent candidates for relocating 
to other environments, as they require only a few basic minerals and light to 
grow and reproduce, and, as photosynthesizing organisms, they also have the 
power to transform an atmosphere via oxygenation.  
 
4.3.2 Growth media 
The culturing fluid was a mixture of HPLC (High Performance Liquid 
Chromatography) grade water (1900 ml) and ‘Phyto Nutrient - Modified F/2 
Medium’ (10 ml diluted), purchased from Reefphyto.co.uk (see Fig. 4.6).  




The formula is based on the Guillard’s F/2 medium (Guillard et at., 
1962) and has exactly the same nitrogen, phosphorus, trace element, and 
vitamin content as the original F/2 medium. This mixture was used to culture 
the organisms originally, and the same formula was then subsequently used 
for all samples. The culture starter may have been potentially impure; 
however this was not checked directly. Later microscope analysis showed 
very uniform cells lending weight there being  single species present but this 
was by no means definitive.  
 
 
Figure 4.6: Left : Nannochloropsis oculata Starter Culture. Right:   Guillard’s F/2 
medium, used as a food source to provide all the trace nutrients and minerals to the 
water that phytoplankton thrive on. 




4.3.3 Preparation of Nannochloropsis oculata 
The original culture (from which all subsequent cultures were 
obtained) was purchased from Reefphyto.co.uk (see Fig. 4.6). Plastic bottles 
were filled with 1900 ml of HPLC grade water and a portion of the 
phytoplankton starter culture was thoroughly mixed into each one, forming a 
light green mixture. To this, 10 ml of Guillard’s Modified F/2 Medium was 
added to provide the necessary nutrients to the water for the phytoplankton to 
grow. A small length of air-hose was placed into the bottles and connected to 
a small aquarium air-pump, and set to slowly release bubbles of air 
throughout the water and introduce a small measure of turbulence to allow 
the water to move and flow, mimicking natural conditions. 
 
Figure 4.7: Example of phytoplankton cultures. Top: After one day. Bottom: 
After five days.   




The initial culture took nine days to go from almost unseen trace 
amounts of phytoplankton, to a viscous, opaque, green solution (see Figs. 4.7 
and 4.8).  
 
 
Figure 4.8: Example of phytoplankton culture ready to be halved and diluted to 
form two new cultures. 
 




This demonstrated that phytoplankton could be cultured easily. This 
culture was then split and re-cultured, to verify the culturing technique was 
repeatable. This second culture was split into two, one half was again re-
cultured, and the other was frozen to -20oC. The re-cultured half grew in an 
identical way to the first two cultures. The frozen sample was left in a 
domestic refrigerator (at -20° C) for one week, and then it was re-cultured 
again to see if the organism was able to survive the freezing process, as any 
transfer between planetary bodies would involve the freezing temperatures of 
space. It also needed to be frozen in order to fire it in the light gas gun. The 
frozen sample was successfully re-cultured, albeit at a slower rate than 
before, suggesting that not all of the organisms survived the process and/or 
that they have been damaged in a way which slows their ability to enter the 
active growth state. The culture only achieved a dark green colour after ~20 
days (c.f. 9 days for the unfrozen culture). This frozen/defrosted culture was 
then used as the source for all the ‘live’ shots in the programme, now that it 
was established there would be some surviving organisms after freezing. 
 Nannochloropsis oculata is a single celled organism that can survive 
as a free floating organism (with enough cells eventually the water will begin 
to turn green), or they can conglomerate with other cells to form sheets or 
‘fuzzy’ growths.  
Fig. 4.9 shows the living cells of Nannochloropsis oculata under an 
optical microscope. Fig. 4.10 shows deceased ‘dry’ cells of Nannochloropsis 
oculata phytoplankton under the Scanning Electron Microscope. 
 





Figure 4.9: Optical microscope image of living, unshocked, phytoplankton. 
 
 
Figure 4.10: Scanning Electron Microscope image of deceased ‘dry’, unshocked, 
Phytoplankton. The average cell diameter is approximately 5 microns, and the cells 
have a spherical morphology. 




4.3.4 Tardigrade Species Hypsibius dujardini 
Whilst many simple single celled organisms have now been shown to 
survive hypervelocity impacts (and the associated pressures) similar to those 
encountered during the possible migration of material from one planet to 
another (see Chapter 3, Sections 3.2 and 3.4.4), complex multi-cellular 
organisms have either largely not been tested or, those that have been, have 
not survived the process (Jerling et al. 2008).  
Tardigrades (literally ‘slow walkers’), also known as ‘water bears’ or 
‘moss piglets’, were first discovered in 1773. Over 1000 different species of 
tardigrade are now known, and they have been around for over 530 million 
years (Guidetti, R. and Jonsson, K. 2002).  
Hypsibius dujardini (see Fig. 4.11), like most species of tardigrade, 
are complex organisms composed of approximately 40,000 cells (Seki et al. 
1998). They have a lifecycle of approximately 3-4 weeks, and undergo 
asexual reproduction as they are parthenogenetic (i.e., progeny develop from 
unfertilized eggs), with females laying eggs that undergo meiosis and then 
restore a diploid chromosome number by reduplicating chromosomes (rather 
than by fertilization; Barnes, 1982, Bertolani et al. 2004). Each tardigrade is 
born with a full complement of cells and the organism grows as the cells 
grow; they do not undergo any cell division during their lifecycle, the outer 
skin is molted as a husk, much like how a snake sheds its skin (Barnes, 1982; 
Kinchin, 1994; Seki et al., 1998).  
Tardigrades have also been shown to tolerate exposure to high doses 
(over 4,500 Gy) of ionizing radiation (May et al., 1964; Jonsson, 2007; 
Beltran-Pardo, E. et al., 2015). When the ambient humidity decreases they 
can shut down their metabolism almost entirely and enter a highly dehydrated 
state known as a ‘tun’. This is an extremely desiccated state, as they release 




up to 97% of their body water, and they can survive extreme temperatures (as 
low as -253°C, or as high as 151°C), as well as exposure to X-rays and the 
vacuum of space (Seki et al., 1998) while in this state. When exposed to 
water again they will rehydrate and reanimate. The current record is 120 
years from being frozen to reanimation again (Franceschi, T. 1948).  
 
 
Figure 4.11: False colour Scanning Electron Microscope image of a tardigrade 
(image courtesy: themagazine.ca) 




These abilities and tolerances make them ideal candidates for a study 
into the feasibility of panspermia with multi-cellular complex organisms. 
The tardigrades used for this study required no culturing as they were 
purchased from Sciento.co.uk and then transferred directly into the samples 
that would be used for testing, either as a ‘n tural’ un-tampered sample, a 
frozen control sample, or a frozen sample that would be used for testing in 
hypervelocity impacts (see Fig. 4.12 for examples). 
 
 
Figure 4.12: Optical images of Hypsibius dujardini. Panel 1: A living organism. 
Panel 2: A dead organism. Panel 3: A discarded cuticle, or ‘husk’. Panel 4: An egg 
laden cuticle 
 




4.4 Target Materials  
The target fluid for the phytoplankton shots was a mixture of HPLC 
(High Performance Liquid Chromatography) grade water (700 ml) and 
‘Phyto Nutrient - Modified Guillard’s F/2 Medium’ (3.5 ml diluted). This 
mixture was split between two glass bottles (previously sterilised at 120oC 
for three hours in an autoclave), one was sealed as a control, the other was 
used as the target for the phytoplankton shot, and then used to culture any 




Figure 4.13: The specially made target holder for the phytoplankton (and 
tardigrade) shots. Water targets were placed such that they would be impacted by the 
projectile as it passed through the central square hole. A housing (not shown) covers 
this and then the bottom tray captures the water after impact. Base is 17.5 x 17.5 cm. 




The water for the target was placed into two extremely thin (~50 たm) 
polythene bags. These were then taped into place within a specially made 
target holder such that the bulk of the water was in line with the central 
square opening (see Fig. 4.13). Once the target was prepared it was loaded 
into a special holder and clamped into place within the target chamber of the 
gun (see Fig 4.14). The methodology section in Chapter 5 (Section 5.2) 




Figure 4.14: The specialised target holder used to house the target materials for the 
phytoplankton shots. The central hole lines up with the square hole of the inner 
holder. The additional tray is used to capture any water that may make it through the 
joints of the holder. Holder base is 17.5 x 17.5 cm, and 17 cm high. 
 
 For the tardigrade shots the tardigrades themselves were embedded 
within ice inside a small plastic container. This was then placed at 90o within 
the specially made target holder such that the surface of the ice was in-line 
with the main central square hole, leaving the frozen tardigrades distributed 




across the back edge of the target (see Fig. 4.15). This set up mimics an 
impact into a frozen body of water with tardigrades approximately 1 cm 
below the surface.  
 
 
Figure 4.15: Internal target holder as used for the tardigrade shots. Inset: Frozen 
tardigrades embedded in ice Main Image: Frozen tardigrades are placed at 90o such 
that the frozen surface is in line with the target area (central square hole). Base is 
17.5 x 17.5 cm. 
 
The internal target holder was then placed inside a plastic bag (see 
Fig. 4.16) with a hole cut into it in-line with the projectile path (to make 
recovery of ice and water easier), then the housing was place on top and 
everything was clamped into place within the main target chamber of the 
gun. Prior to every shot the target holders were sterilised at 120oC for three 
hours in an autoclave, and fresh sterile bags and disposable equipment used. 
 





Figure 4.16: Tardigrade internal target holder and outer housing. 
 
4.5 Projectile Materials  
 For the phytoplankton shots a solid cylindrical nylon sabot 
was used with a cavity drilled into it (see Fig. 4.17) for each shot. These 
sabots are similar to the 4-piece split ones described earlier (Section 4.2.1) 
but one solid piece (with an object (or objects) that fill the cavity) acting as 
the projectile(s) rather than spinning away in-flight. A section of the sheet-
like phytoplankton cells was removed from the main culture bottle and 
placed into the cavity in the sabot to maximise the number of phytoplankton 
cells in the projectile. Added to this was a single drop of water (also from the 
culture, and thus containing some free floating cells as well). This was then 
placed in a freezer at -20oC 48 hours before the projectile was to be fired. 24 
hours before the shot, the frozen projectile was placed into, and held by, a 
special brass projectile loader (with has a large thermal inertia) so that the 




phytoplankton mixture remained frozen during the loading of the projectile 
into the launch tube of the light gas gun. This was left in the freezer until the 
latest possible moment before firing to ensure no melt of projectile contents 
occurred (see Section 4.2.2 on the ‘cold gun’). The methodology section in 
Chapter 5 (Section 5.2) provides more detail on the shots. 
 
 
Figure 4.17: Schematic of the projectile used for phytoplankton shots. 
 
 For the tardigrade shots, as a frozen tardigrade sample is being fired 
onto, the projectile can be very simple. A cylindrical nylon sabot was chosen 
(much like for the phytoplankton shots, but with no cavity) as nylon is a 
material that has been well studied in hydrocode modelling, so creating 
computational simulations of the experiments would allow accurate 
modelling of the pressure conditions experienced during the impact process. 
Shooting solid nylon cylinders such as these is also extremely reliable, and 
the impact speed can be accurately controlled. 
 
 




4.6 Life as a Projectile 
The main focus for the Phytoplankton shot programme was to 
determine whether or not this species could survive a hypervelocity impact 
event. However, to do this, it was necessary to fire the micro-organisms 
themselves through the two-stage light gas gun, which, in turn, means they 
were not subject to the impact event alone. The phytoplankton were also 
subject to acceleration and jerk during the firing process of the light gas gun. 
Thus the surviving phytoplankton cells recovered post-shock would have also 
survived these aspects of a typical panspermia type journey.  
 The projectile naturally starts from a stationary position within the 
launch tube of the gun and is then accelerated down this launch tube reaching 
its final impact speed as it leaves the launch tube and enters the blast tank. 
Knowing the length of the launch tube (0.7 m) and the maximum impact 
speed in the phytoplankton shot programme (6.93 km s-1, see Chapter 5), 
Newton’s equations of motion can be used to give an approximate value for 
the acceleration. Assuming a constant acceleration then: 懸態 噺  態 髪  に欠嫌    (Eq. 4.4) 
where v is the projectile’s final velocity (m s-1), u is the initial projectile 
velocity (m s-1), a is the acceleration (m s-2), and s is the projectile’s final 
position assuming the initial position is zero (m). As the projectile is 
stationary to begin with, this sets u = 0, and thus the equation can be 
rearranged into: 
 欠 噺  塚鉄態鎚     (Eq. 4.5) 




This yields an approximate acceleration of 34,300 km s-2. Again, assuming 
this to be a constant acceleration then the rise time for this acceleration can 
be found by using: 嫌 噺 憲建 伐 銚痛鉄態     (Eq. 4.6) 
Rearranged for time t, and taking u = 0, this can be simplified to: 
 建 噺 ヂ態鎚銚                                    (Eq. 4.7) 
This yields a rise time for the acceleration of approximately 0.2 ms. This, in 
turn, corresponds to a rate-of-change of acceleration (or jerk) of 17 × 1010 m 
s-3. 
Using a rifle to fire bacteria into a plasticene target, Mastrapa et al., 
(2001) subjected spores of B. subtilis and cells of Deinococcus radiodurans 
to jerks and accelerations in order to test their ability to survive in a 
panspermia style ejection from a planet. They subjected the cells and spores 
of the micro-organisms to accelerations of 4.5 × 106 m s-2, and jerks of 1.5 × 
1011 m s-3.  
These values are comparable to the predictions made for the jerk and 
acceleration that are involved in the impact generated ejection from the 
surface of a planet the size, and mass, of Mars (Mastrapa et al., 2001). The 
values obtained for the light gas gun in the highest velocity shot with 
phytoplankton are of a similar order of magnitude to those found by Mastrapa 
et al., 2001. Therefore the phytoplankton recovered from the target after 
being fired through the light gas gun post-impact must be capable of 
surviving these planetary ejection stresses as well as the impact process itself. 





4.7 Optical and Scanning Electron Microscopes 
 For analysing the phytoplankton and tardigrades while still alive an 
optical microscope was used. This optical microscope was enclosed within a 
chamber to protect against contaminations, and is capable of magnifications 
ranging from 10–1000×. The microscope is part of a Raman spectrometer 
system, but served well as a method for analysing the phytoplankton. The 
sample stage could be moved remotely and electronically from outside such 
that the area of coverage could be accurately measured. This allowed the 
same size areas in multiple samples to be analysed, reducing any potential 
errors that may have arisen from any bias in the size of areas used for 
analysis. A camera was attached to the microscope allowing images (or 
videos) to be taken at any point during the analysis. Fig. 4.18 shows the set-
up of the optical microscope used for all the optical images of phytoplankton 
and tardigrades provided in this work. 
For obtaining detailed images of phytoplankton, a Scanning Electron 
Microscope was used. This required the phytoplankton to be dried out as the 
sample stage is placed under vacuum and any liquid would ‘boil off’ at such 
low pressures. A Hitachi S-3400N was used for the obtaining images of the 
dried phytoplankton (see Fig. 4.19), this is capable of more than 300,000× 
magnification. However, increased magnification comes as a trade off with 
resolution. It is more commonly used at lower magnifications (typically a few 
thousand times) allowing higher resolution and clarity of image.  





Figure 4.18: The optical microscope set-up used for analysis and image capture of 
phytoplankton and tardigrades. Top: The external casing housing the microscope 
with doors open. Bottom: Close up view inside the casing showing the sample stage 
and microscope lens. 
 






Figure 4.19: The Hitachi S-3400N Scanning Electron Microscope used for 
collecting detailed images of phytoplankton. 
 
4.8 Late-Stage Effective Energy Calculation 
To complement the results of the experimental shot programmes the 
approximate peak shock pressures, P (Pa), experienced during the impact of 
all shots at all velocities (The highest being ち = 6930 m s-1) were calculated 
using the Late-Stage Effective Energy method developed by Mizutani et al., 
1990 and used in Burchell et al., 2004. This method was originally proposed 
as a way to scale laboratory impact data to Solar System scales, using impact 








The original formulation of the Late-Stage Effective Energy is 
described using: 詣継 噺 陳ち態  岾系 髪 鎚ち態峇  (Eq. 4.8) 
where v is the projectile velocity (m s-1) and m is the projectile mass (kg). C 
and s are the linear shock wave speed parameters, and these can be derived 
from the linear shock-particle velocity relation (Melosh, 1989): 
      戟 噺 系 髪 嫌憲              (Eq. 4.9) 
where U is the velocity of the shockwave (m s-1), and u is the velocity of the 
particle (m s-1). Therefore, the peak pressure that is generated during an 
impact can be calculated using: 
 詣継 噺 鶏撃椎                       (Eq. 4.10) 
where P is the generated pressure (Pa) and Vp is the volume of the projectile 
m3). By combining Eq. 4.8 and Eq. 4.10 we can generate an equation that can 
calculate the peak pressures during an impact:  鶏 噺 陳ち態諾丹  岾系 髪 鎚ち態峇  (Eq. 4.11) 
where v is impact speed (m s-1), Vp is the projectile volume (for the 
phytoplankton shots these were 160.1 × 10-9 m3 at speeds less than 5 km s-1,
and 68.73 × 10-9 m3 at higher speeds) and m is the mass (for the 
phytoplankton shot these were 0.3 × 10-3 kg at low speed and 0.1 × 10-3 kg at 
high speed). C and s are the linear shock wave speed parameters. Here C and 
s for ice and the phytoplankton species Nannochloropsis oculata are 
required, however these are not available. Instead the cells are approximated 




as consisting of 100% water, and thus the appropriate values for water are 
used in the calculations. These calculations will be compared with hydrocode 
modelling of the same impact events. Currently, the hydrocode used does not 
have a standard model for ice. It needs a full Equation of State, strength 
model, etc. This could possibly be developed, but the work would be a major 
research effort outside of the scope of this thesis. Therefore water is used in 
place of ice in the hydrocode, and for consistency in all the various 
simulations and calculations as well, even though C and s values for ice are 
available in the literature. There are a range of C and s values for water in th  
literature. Both those of Trunin et al., (2001): C = 1483 m s-1 and s = 1.75, 
and those of Melosh (1989): C = 1480 m s-1 and s = 1.60 are used in order to 
establish a sensitivity to these parameters. Although the Planar Impact 
Approximation method (see Melosh, 1989) is more widely used, the Late-
Stage Effective Energy method allows for the finite extent of millimetre scale 
projectiles, whilst the Planar Impact Approximation method does not. Price et 
al., 2012 and Parnell et al. 2010, compared the peak shock pressures obtained 
from both of these methods for impacts by millimetre sized projectiles of 
different compositions (shale and stainless steel). They found that the Late-
Stage Effective Energy method gave higher values for the peak shock 
pressure than the Planar Impact Approximation method did (typically 13% 
higher).   
 
4.9 Hydrocode Modelling 
To further complement the experimental shot programmes and the 
Late-Stage Effective Energy calculations, hydrocode modelling was 
performed to determine the peak shock pressures experienced during 
hypervelocity impacts. This section will briefly describe what a hydrocode 
model is, what it is used for, and the underlying principles in its operation. 




 Ansys’ AUTODYN, is a commercially available hydrocode 
(Hayhurst & Clegg, 1997) with a wide variety of material modelling 
capabilities to provide a platform to solve non-linear dynamical problems; it 
is therefore ideal for use in simulations of hypervelocity impact events. It is 
used in this work to model the peak shock pressure experienced within the 
projectile, at the point of impact (see Chapter 5), and across the target 
medium (see Chapter 6). AUTODYN allows for a more accurate 
determination of the shock pressure, as well as allowing estimates of the 
pressure versus time to be made. It has also been used by other researchers to 
model the shock pressures in impact studies of yeast and bacteria up to 1-2 
GPa (e.g. Burchell, M. et al., 2004, Hazell et al., 2010, Price, M. et al., 2013).  
As well as modelling the experimental procedures and producing 
peak shock pressure estimates, AUTODYN is also used to model 
hypothetical impact scenarios based on real data to determine the possible 
panspermia style hypervelocity impact events that various micro-organisms 
may be able to endure and survive (Chapter 7discusses this in more detail).  
Hydrocodes are pieces of software written to describe the response of 
different materials to various external stimuli, by analysing shock wave 
propagation. As described in Chapter 3, Section 3.4.1 the pressures of shock 
waves in hypervelocity impacts are over an order of magnitude higher than 
typical material strengths. Therefore, hydrocodes simulate materials as if they 
have no shear strength, i.e. hydrodynamically (Johnson, W, and Anderson, C. 
1987). The hydrocode works by breaking down a physical system into 
discrete units of space (cells) and time, then a series of equations are 
simultaneously solved. The input for these equations are the initial conditions 
present within each cell. The equations then return to each cell a new 
condition after a given time-step 〉t. Cells can remain unchanged, or have 
their shape and size altered, or their internal properties altered, or a 
combination of these outcomes. The properties of each cell are then taken as 




the initial conditions for the next iteration of the equations (Pierazzo, E. and 
Collins, G. 2004). A cell is the smallest unit of the hydrocode, and is 
internally homogenous; therefore there can be no change ‘within’ a cell, only 
‘between’ different cells. It follows that cells must therefore be smaller in 
size than the length of the smallest physical process that influences the 
system, and the time-step must be smaller than the time taken for the smallest 
process to occur. This is generally taken as the time needed for any 
information to cross the length of a cell to ensure no large changes are 
possible between each iteration of equations. A crude method to relate the 
time-step to the cell size is: つ捲 噺 潔つ建        (Eq. 4.12) 
where 〉x is the length of the cell (m), c is the propagation velocity of the 
wave (m s-1), and, 〉t is the time-step (s) (Anderson, C. 1987). Hydrocodes 
use finite differencing methods to relate the theoretical continuous x-values to 
the discrete cells in the model. Finite difference methods assume the cell size 
is small enough that for a function of F, 〉F/〉x starts to approximate dF/df. 
This leads to: 鳥庁鳥掴 噺 庁岫掴袋鳥掴岻貸 庁岫掴岻ッ掴           (Eq. 4.13) 鳥庁鳥掴 噺 庁岫掴岻貸 庁岫掴貸鳥掴岻ッ掴           (Eq. 4.14) 鳥庁鳥掴 噺 庁岫掴袋鳥掴岻貸 庁岫掴貸鳥掴岻態ッ掴     (Eq. 4.15) 
where equations 4.13, 4.14, and 4.15, are the forward, backward, and central 
difference approximations respectively (Anderson, C. 1987). 




 For the model to accurately simulate the true physics of an impact, 
equations governing the conservation of energy, momentum and mass are 
required, as well as the equations of state for the materials being used in the 
model. However, the purely mechanical conservation law equations do not 
account for chemical, electromagnetic, or heat conduction effects.  
The equations for describing the conservation of energy, momentum, 
and mass are described in equations 4.16, 4.17, and 4.18 respectively: 帖勅帖痛 噺 鶴日乳癢日乳諦  伐  牒諦 擢塚日擢掴日    (Eq. 4.16) 帖塚日帖痛 噺 血沈 髪 怠諦 擢蹄日乳擢掴乳    (Eq. 4.17) 帖諦帖痛 噺 伐  貢 擢塚日擢掴日        (Eq. 4.18) 
where e is the specific internal energy (J), ぃij is the deviatoric component of 
the stress tensor (N m2), 喧ij is the deviatoric strain, と is the material density 
(kg m-3), P is pressure (Pa), vi is velocity (m s
-1), jij is the stress tensor (N 
m2), and fi are the external body forces per unit mass (N kg
-1). Summation is 
implied by repeated indices as in standard tensor notation (Anderson, C. 
1987).  
 The equation of state can account for the changes in density and 
irreversible thermodynamic processes such as shock heating (Blundell, S. and 
Blundell, K. 2006). The equation of state is generally expressed in terms of 
pressure as a function of energy and volume, P = P(E,V). A change in the 
pressure is then expressed as: 




穴鶏 噺 岫擢牒擢蝶岻帳  穴撃 髪 岫擢牒擢帳岻蝶  穴継   (Eq. 4.19) 
The Grunesian Parameter is defined as: 康 噺  撃岫擢牒擢帳岻蝶           (Eq. 4.20) 
Substituting this into Eq. 4.19, then integrating, and using the values (PH, EH) 
from the Hugoniot to eliminate the constants of integration: 鶏 噺 鶏張岫撃岻 髪 辻蝶  岫継 伐 継張岻   (Eq. 4.21) 
This gives P as a function of V and E as needed, and is called the Mie-
Grunesien equation of state (Rice, M. et al. 1958, McQueen, R. et al. 1970).  
The iteration process for these equations will continue until a fixed 
time limit has been reached, if a failure limit is reached, or if the user 
manually terminates the simulation, determining that it has completed enough 
cycles to yield the data that are required (Pierazzo, E. and Collins, G. 2004).  
There are two different computational methodologies used in this type 
of hydrocode: Eulerian, and Lagrangian, and they each have their own 
advantages and disadvantages. The Langrangian mesh ties points in the 
material to cell boundaries, and holds the mass within a cell constant so that 
as external forces deform the cell shape, its volume is altered. This can 
become a problem if a cell deforms too much. To avoid this, stringent failure 
limits must be applied to the model, so beyond a certain threshold of failure 
the cell is discarded, and the simulation continues without the cell (referred to 
as ‘erosion’). For this work, a Lagrangian mesh is used in all instances, as it 
was deemed most appropriate for the models that were required. 




In a Eulerian system, the mesh is fixed (normally with rectangular 
cells) and material advects through this mesh. This allows for much more 
accurate modelling of fluid flow, but is less suitable to modelling impacts 
where there will be considerable deformation to solid components. 
 
4.10 Conclusion 
This chapter described the Two-Stage Light Gas Gun, and its 
operation for firing projectiles at hypervelocities; both the main set-up and 
the ‘cold gun’. Then, the two species selected for experimental testing with 
the light gas gun were described, and the rationale behind why they were 
chosen was explained. A brief explanation of the target and projectile 
materials was then given, ahead of the more detailed descriptions that follow 
in the relevant experimental chapters (Chapters 5 and 6). A description of the 
journey phytoplankton faces as a projectile through the gun was then given, 
before a brief description of the microscopes used in the analyses of the 
organisms. Then, the Late-Stage-Effective-Energy calculations used to 
determine pressures in the phytoplankton shots were discussed. Finally, the 
hydrocode based simulation software AUTODYN was described. 
Further information relating to the experimental shot programmes and 
the hydrocode modelling performed will be provided in the subsequent 
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“After death, life reappears in a different form and with different laws. It is 
inscribed in the laws of the permanence of life on the surface of the earth and 
everything that has been a plant and an animal will be destroyed and transformed 
into a gaseous, volatile and mineral substance.”                          
Louis Pasteur 
5.1 Introduction  
The experimental facilities, computational techniques, procedures, 
and micro-organisms used for this experimental and computational 
programme were described in detail in the previous chapter. This chapter will 
provide more detailed information regarding the two experimental shot 
programmes that were performed for the phytoplankton species 
Nannochloropsis oculata. The initial testing was a proof-of-concept phase 
designed to investigate whether or not the idea of phytoplankton surviving 
during hypervelocity impact events was at all plausible and thus whether the 
organism would be a viable candidate for further testing. The chapter begins 
by describing the initial shot programme in detail, with the accompanying 
results. Then the ‘velocity range’ shot programme is described and the results 
presented. The results from the hydrocode modelling and calculations of the 
experiment are then given, followed by a summary of the all the main results. 
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Analysis and discussion are then presented before final concluding remarks 
are passed.  
 
5.2 Experimental Methodology 
Two shot programmes were performed for this study. The principle 
aim of the first shot programme was to ascertain whether phytoplankton 
could be fired in the light gas gun, and then to determine if any organisms 
were viable for recovery post-impact. If viable organisms could be recovered, 
and there were surviving organisms that could be re-cultured, then a second 
shot programme could be initiated. The second shot programme aimed to 
show if there was survival of the phytoplankton under various increasing 
impact velocities and thus increasing peak shock pressures. 
 
 
Figure 5.1: Examples of ‘empty’ control bottles (Left), and phytoplankton laced 
ones showing growth (Right).  
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5.3 Shot Programme #1 
Two sterile glass bottles were prepared for the test programme, one 
for the post-shot recovered sample, and the other for the contamination 
control check. The surfaces and surroundings were first thoroughly sterilised 
using HPLC grade isopropyl alcohol. 700 ml of HPLC grade water was 
placed into a sterile container and then 3.5 ml of the Phyto Nutrient – 
‘Modified F/2 Medium’ was added and then stirred with a sterile glass rod 
until well mixed.  
400 ml of this mixture was transferred to one of the sterile glass 
bottles and sealed as a contamination control check. The remaining 300 ml 
was placed into two sterilised polythene bags, each 50 microns thick (150 ml 
in each bag). These bags were then mounted in a specifically designed target 
holder (Fig. 5.2) which had been autoclaved at 120oC at a pressure of 1 bar 
for 35 minutes prior to all shots to kill any possible contaminants.  
This experimental procedure required the use of the capability of the 
Light Gas Gun to fire frozen projectiles. Instead of a solid cylindrical nylon 
projectile, here a sterile hollow nylon cylinder was filled with a mixture of 
water, and Phyto Nutrient (Fig. 5.3. left image). A small amount of 
phytoplankton was then added to it such that approximately 10% of the 4 mm 
deep and 2 mm radius cylindrical cavity in the nylon was filled. (Note: All 
the shots in Shot Programme #2 filled the cavity to capacity with 
phytoplankton, with a single drop of fluid added to freeze the contents in 
place, as described in Chapter 4, Section 4.5). The filled cylinder was then 
placed in a freezer 48 hours before firing and frozen at approximately -20oC. 
This served as the projectile (see Fig. 5.3 for dimensions of length and 
diameter).  
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Figure 5.1: Photograph of the target fluid holder (foreground) showing one of the 
polythene bags held within the support frame. The aluminium box in the background 
is the covering for the target holder and acts to retain as much of the target fluid as 
possible during the impact. After the first shot however, it was realised that the tray 
leaked slightly and an additional larger sterile tray was placed under the whol  




Figure 5.2: Left: Schematic diagram showing a cross sectional area of the 
projectile structure and dimensions (not to scale). Right:  Actual filled projectile. 
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The frozen, filled projectile was then transferred to the reconfigured 
light gas gun (the ‘Cold Gun’ see Chapter 4, Section 4.2.2) as quickly as 
possible to avoid unwanted melting of the projectile. The launch tube of the 
cold gun was pre-chilled overnight in a CO2 chest freezer (at a temperature of 
-180oC). The frozen projectile was held in a special brass projectile loader 
(with a large thermal inertia) so that the phytoplankton mixture remained 
frozen during the loading of the projectile into the launch tube. The 
approximate time interval between loading the projectile and firing the gun 
was 15 minutes. Post shot temperature readings taken at the central breech 
verify that the projectile had remained frozen at the moment of firing the 
shot, as all temperatures measured were below -10oC (this was the case for all 
shots on both programmes).   
In order to accurately measure the speed achieved, the projectile 
passes through two laser light curtains, (as described in Chapter 4) allowing 
the speed to be calculated to within +1%. During each shot, the target 
chamber of the light gas gun is partially evacuated to avoid any deceleration 
due to aero-drag forces. The pressure used when firing onto the water targets 
here was 50 mBar, as the water will start to boil at pressures below this.  
After a shot, the target chamber was returned to atmospheric pressure 
and the target holder removed. The water remaining in the target holder was 
carefully tipped out via a sterile glass funnel into the remaining sterile glass 
bottle, and then sealed. Both the contamination control check bottle and the 
‘live’ shot bottle were placed under a constant (24 hours a day) light source 
(a tungsten filament desk lamp). Contamination control shots were also 
performed later (during the second shot programme) after several ‘live’ shots 
had taken place to check the cleanliness of the gun. For the contamination 
control shots the target (and holder) were prepared in an identical fashion to 
the ‘live’ shots. However, the projectile used was a sterile hollowed-out 
nylon cylinder filled with HPLC water ice rather than the phytoplankton mix 
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used for the ‘live’ shots. The recovered samples were retrieved in an identical 
fashion to the ‘live’ shots. This was a necessary step to ensure that the 
handling procedures used were not cross-contaminating the targets, and that 
there was no spurious contamination from the light gas gun itself. 
 
5.4 Shot Programme #1: Initial Results 
The shot performed (shot ID: G220312#1) for this first programme 
was done at a velocity of 1.26 km s-1 – the lowest speed achievable with the 
current gun configuration. The recovered target fluid was then left to re-
culture for several weeks. The bottle containing the recovered target fluid 
also contained some debris from the shot (mostly torn and twisted nylon from 
the remnants of the projectile), this was a white colour and the only visible 
colour in the initial mixture. After 20 days a noticeable amount of green 
colouration (a sign of phytoplankton growth) was witnessed on the nylon 
debris within the bottle. A few days later there was also noticeable green 
around the water line in the bottle. This was a clear sign that there was 
phytoplankton surviving, and reproducing, within the bottle. However, the 
time to produce even noticeable amounts of phytoplankton was much longer 
here than in the original, and even frozen, samples (which only took ~3 
days). Once a noticeable amount of green was witnessed, it continued to 
grow at the reduced rate, taking a long period (approximately a further 25 
days) to double in concentration (compared to only a few days for unshocked 
samples, see Chapter 4, Section 4.3.3).  
The rate of growth may also have been influenced by a lack of air 
supply, as the glass bottle was sealed to avoid contamination, and thus the air 
supply was limited for the organism. However, this was not an issue as the 
growth itself was evidence that there was living organisms present in the 
Chapter 5: Survival of the  




sample – the goal of this initial shot. The contamination control check water 
bottle remained totally clear throughout the experiment. These initial results 
led to the conclusion that the witnessed growth was indeed due to the 
recovered shocked phytoplankton fired in the shot.  
 
 
Figure 5.3: Top left: Unshocked live phytoplankton cell photographed under a 
high power optical microscope. Top right:  An SEM image of unshocked deceased 
dried phytoplankton cells. Bottom left: Live descendants of shocked phytoplankton 
cells one year after firing. Bottom right:  SEM image of dried descendants of 
shocked phytoplankton cells one year after firing. 
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A small sample of the shocked phytoplankton in the bottle was taken 
and examined under optical microscopes and the scanning electron 
microscope (SEM) to see if there was any noticeable differences between the 
shocked and unshocked phytoplankton cells, as, to-date, no studies have been 
performed to look for DNA damage during hypervelocity impacts that could 
affect the shape or size of the cells. (Fig. 5.4). No detectable differences were 
found in the morphology of the samples. 
 
5.5 Shot Programme #2: Survival at Increased Velocities 
In this work an exact measure of the quantity of organisms present 
before and after was not obtained. This was partly due to reproducibility 
issues when loading the projectiles and partly due to loss of target water 
during the impact, which may have lost an unknown fraction of the 
phytoplankton delivered to it. Accordingly, what is determined here is 
whether or not survival occurs, and the time taken for subsequent growth to 
be witnessed (appearance of the first green patch visible by eye). Price et al., 
(2013) carried out control experiments firing projectiles loaded with frozen 
blue ink, and demonstrated that the ink is evenly distributed throughout the 
target (and the target container). Thus there is confidence that the recovered 
target fluid and the phytoplankton are well mixed after impact. 
A series of shots was undertaken at varying velocities, and thus shock 
pressures, to identify if the organisms survived (or not) with increasing shock 
pressures. Then the time until witnessed growth occurred in the post-shocked 
recovered samples was measured, and used to conjecture possible survival 
trends. However, for the higher speed shots (>5 km s-1) a smaller internal 
diameter gun barrel was needed to obtain the higher speeds. This necessitated 
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the use of smaller nylon projectiles (mass 0.1 g compared to the larger 0.3 g 
projectiles) with a reduced cavity volume of phytoplankton (see Table 5.1). 
 
Table 5.1: Details and summary of results for shot programme #2 to establish if 
survival occurred for Nannochloropsis oculata Phytoplankton. Note, no error 
estimates are given as only one shot per velocity has been performed. * Ic  control 
shots. ** Subsequently identified as a non-phytoplankton contaminant. ND = none 
detected. 
Shot ID Recorded 
Velocity of 











G041012#1 1.25 50.3 4 Yes 
G251012#2 2.33 50.3 4 Yes 
G101012#2 2.60 50.3 5 Yes  
G311012#1 3.28 50.3 9 Yes 
G221112#3* 1.32 50.3 (ice only) 62** Minimal**  
G281112#2 3.93 50.3 15 Yes 
G110113#3 5.61 14.1 35 Yes 
G060213#1 6.07 14.1 42 Yes 
G071212#1 6.93 14.1 70 Minimal  
G140213#2* 6.28 14.1 (ice only) ND after 118 
days  
No 
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Figure 5.4: Shot G041012#1 (1.25 km s-1) after 2, 7, 13, 26, & 56 days, and 
contamination control check for comparison (bottom right). Note that growth mainly 
occurs on the bottom, and around the water line. Growth (first observable green 
patch) was witnessed after four days, which appears to be the minimum time need d 
to achieve this observable growth, even with unshocked organisms.   
 
After each shot the recovered water was placed into sterile glass 
bottles and sealed. In each case a separate bottle of unused target water was 
also sealed as a contamination control check, as in the first shot program. The 
bottles were then checked regularly for signs of growth, until there was a 
barely noticeable green patch in the bottle. This was the point at which 
growth was positively identified, and the time from recovery noted. 
Continued checks were made to confirm that the sample was continuing to 
grow.  
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Two ‘ice-only’ samples were also fired as contamination controls to 
check the cleanliness of the gun and to identify any possible contamination 
during the handling and transfer of target and projectile throughout the 
procedure. One was shot G221112#3 (a low speed shot at 1.32 km s-1), the 
other G140213#2 (a high speed shot at 6.28 km s-1). Each was performed 
after several ‘live’ shots had been conducted to allow for maximum possible 
contamination conditions (i.e. a worst case scenario).  
 
5.6 Modelling and Simulation of Results 
As described in Chapter 4 Sections 4.8 and 4.9, two methods were 
used to determine an estimate of the pressure conditions experienced by the 
Phytoplankton Nannochloropsis oculata during the hypervelocity impact 
process.   
 
5.6.1 Late Stage Effective Energy Method 
 Using the Late-Stage Effective Energy method for impact calculations 
described in Chapter 4, Section 4.8, the impact pressures generated in the 
projectile, and thus experienced by the phytoplankton, can be calculated. 
While there are no C and s values for phytoplankton, like most life-forms 
they can be approximated as water; then the values of Trunin et al., (2001): C 
= 1483 m s-1 and s = 1.75, and those of Melosh (1989): C = 1480 m s-1 and s 
= 1.60 can be used in order to establish a sensitivity to these parameters, as 
described in Chapter 4. Using these values the Late-Stage Effective Energies 
were calculated (LE), and the associated pressures (P) were calculated for 
both sets of C and s parameters. 
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Table 5.2: Showing the Late-Stage Effective Energy (J) and pressure (GPa) 
experienced by the phytoplankton cells across a range of velocities for both the 
Trunin and Melosh parameters.  
Shot Velocity  
(km s-1) 
Trunin Parameters Melosh Parameters 
LE (J) P (GPa) LE (J) P (GPa) 
1.25 0.480 3.00 0.462 2.89 
1.26 0.486 3.04 0.469 2.93 
1.32 0.520 3.25 0.499 3.12 
2.33 1.231 7.69 1.168 7.30 
2.60 1.464 9.15 1.388 8.67 
3.28 2.145 13.4 2.017 12.6 
3.93 2.897 18.1 2.721 17.0 
5.61 1.793 26.1 1.670 24.3 
6.07 2.061 30.0 1.924 28.0 
6.28 2.192 31.9 2.041 29.7 
6.93 2.611 38.0 2.433 35.4 
 
Table 5.2 shows there are the range of pressures experienced by the 
phytoplankton cells, 3.00 – 38.0 GPa (Trunin parameters), and 2.89 - 35.4 
GPa (Melosh parameters). 
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5.6.2 Ansys’ AUTODYN Method 
As described in Chapter 4, Section 4.9, Ansys’ AUTODYN, is a 
commercially available hydrocode (Hayhurst & Clegg, 1997) and was used 
to model the peak shock pressure experienced within the projectile. 
AUTODYN allows for a more accurate determination of the shock pressure, 
as well as allowing estimates of the pressure versus time to be made.  
The experiment was modelled using a lagrangian mesh and the target 
was modelled as an 80 mm cylinder water target 40 mm thick. However, due 
to the axial symmetry of the model, this was cut in half giving a target that 
was a semi-cylinder of water, comprising 160,000 equally sized cells. The 
projectile was modelled as a 6.5 mm long nylon cylinder 5.8 mm thick, with 
an internal cavity filled with water, as no model for ice existed (2.9 mm deep 
and 3.2 mm diameter), comprised of 1900 cells (Fig. 5.6). However, a 
smaller projectile was used for the four highest speed shots to replicate the 
actual experiment; this was comprised of 1000 cells and had a height of 4.48 
mm, diameter 4.42 mm, with a 3.00 mm diameter by 3.00 mm deep 
cylindrical cavity. Forty seven software gauges were placed inside the cells 
within the projectile in order to track the pressure during the impact event. 
The equation-of-state parameters were taken from the AUTODYN material 
library and are detailed for nylon in Matuska (1984) and water in Trunin et 
al. (2001). As before, the phytoplankton was modelled as pure liquid water, 
as no equation of state parameters could be found in the literature for 
phytoplankton. Price et al. (2012) demonstrated the relative insensitivity of 
the calculated peak shock pressures on the exact form of the equation of state, 
and given other experimental uncertainties, these approximations can be 
deemed as valid. The peak pressures in the simulations occur just after the 
projectile penetrates the water target (Fig. 5.6. see Table 5.3 for the results of 
these simulations). The peak shock pressures for both AUTODYN and those 
calculated using Eqn. 4.11 are also shown in Table 5.4 for comparison.  
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Figure 5.5: Example output from AUTODYN simulations for a 3.93 km s-1 impact 
into water. (a) The model shown prior to impact. (b) The model shown after impact 
showing the location of software measurement gauges to monitor the pressure 
during the impact event and the composition of the projectile. (c) Contour map of 
pressure 507 ns after impact. (d) The time evolution of pressure for gauge #46 (the 
gauge that showed the highest pressure). 
 
It can be seen in Table 5.3 that the peak pressures rise from 2.84 to 
58.6 GPa in the experiments presented here, as the impact velocity increases 
from 1.25 to 6.93 km s-1. For the highest impact velocity (6.93 km s-1) the 
peak shock pressure is 58.6 GPa which occurred 30 ns after impact. A 
comparison of both methods of pressure calculation is presented in Table 5.4 
in the next section.  
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Table 5.3: Showing AUTODYN pressure result for the pressures experienced by 
the phytoplankton cells over a range of velocities, as well as the time the peak 
pressure occurred after impact.  
Velocity (km s-1) P  (GPa) ッt (ns) 
1.26 2.87 1163 
1.25 2.84 1166 
2.33 6.54 652.6 
2.60 7.76 135.6 
3.28 12.2 110.5 
1.32 3.03 1134 
3.93 17.6 94.20 
5.61 37.0 111.4 
6.07 43.8 78.60 
6.28 47.3 65.70 
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5.7 Summary of Results: 
Table 5.1 shows the time interval from impact to observed growth for 
each shot. The two methods for the calculation of the peak shock pressures 
described above were then used. Table 5.4 gives the peak shock pressures 
attained by both these methods for each shot, along with the corresponding 
time at which the peak pressure was experienced after impact. Both methods 
of obtaining peak pressures agree at speeds below 5 km s-1, but then start to 
diverge at higher speeds. The hydrocode results give a noticeably higher peak 
shock pressure, but this is confined to a small region of the projectile 
material, whilst the LSEE method gives a value more indicative of the peak 
pressure to which most of the material is shocked.  
All post-impact samples of phytoplankton (descendants of the 
originally shocked cells) were examined under both an optical microscope 
(living ‘wet’ samples) and a scanning electron microscope (SEM) (deceased 
‘dry’ samples, necessary before placing in the vacuum chamber of the SEM). 
No samples showed any apparent change in morphology from the original 
unshocked sample (Figs. 5.4 & 5.11) except G221112#3 (v = 1.32 km s-1) 
which is discussed further below in Section 5.9 and is shown in Fig. 5.12. 
Table 5.4 shows the Late-Stage Effective Energy method produces a 
pressure value similar to the AUTODYN simulations for the larger (used for 
velocites < 5 km s-1) projectile, although there is a larger discrepancy when 
the projectile volume is reduced at the higher speeds. 
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Table 5.4: Peak pressures, P, from AUTODYN simulations, and Eqn (4.11) as a 
function of impact velocity. Also shown are the time, ッt, after impact at which the 
peak pressure is experienced. * Ice control shots. 





















G220312#1 1.26 2.87 3.04 2.93 1163 
G041012#1 1.25 2.84 3.00 2.89 1166 
G251012#2 2.33 6.54 7.69 7.30 652.6 
G101012#2 2.60 7.76 9.15 8.67 135.6 
G311012#1 3.28 12.2 13.4 12.6 110.5 
G221112#3* 1.32 3.03 3.25 3.12 1134 
G281112#2 3.93 17.6 18.1 17.0 94.20 
G110113#3 5.61 37.0 26.1 24.3 111.4 
G060213#1 6.07 43.8 30.0 28.0 78.60 
G140213#2* 6.28 47.3 31.9 29.7 65.70 
G071212#1 6.93 58.6 38.0 35.4 30.00 
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The time until noticeable growth from shot programme #2 are plotted 
against peak shock pressure in Fig. 5.7. The shock pressures from Eqn. 4.11 
(with C and s values taken from Melosh (1989)) were used, as the LSEE 
method seems to give a peak shock pressure more typical of the bulk of the 
phytoplankton. The data shows an exponential increase in time until 
appreciable growth is observed with increasing shock pressure (see Fig. 5.7).  
If a sample of phytoplankton were taken which were frozen in a 
projectile, but instead of firing in the gun were directly placed in a flask of 
water, the time for the on-set of growth as used here was observed to be 2.5 - 
3 days. There is thus a clear difference between shocked and un-shocked 
samples.  
Since there is a suggestion in the data (see Table 1) that at low shock 
pressures, the delayed growth time is roughly constant, the lowest shock 
pressure datum in Fig. 5.7 was excluded and the fit repeated. No significant 
change in the fit parameters occurred.  
As a further test of the data, since we used two separate sizes of 
projectiles in this work, the data were split into low (<5 km s-1) and high (>5 
km s-1) data-sets. These are shown fitted separately in Fig. 5.8. The 
exponential delay time appears to increase as shock pressure increases, but 
the number of data points at high speed is low. However, at present, no 
analysis has been performed to determine why this delay in obvious growth 
occurs, this may possibly be due to the kinetic recovery time of the organism, 
or the surviving fraction, or more likely a combination of both; it is hoped 
that this will be the subject of a future work by the author. 
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5.8 Analysis and Discussion 
Significant data now exist that demonstrates the survival of organisms 
in shock event experiments at the GPa scale. For example, Burchell et al. 
(2004), shows that there is a logarithmic decrease in survival with increasing 
shock pressure in the GPa regime. The logarithmic trend was also observed 
by Stoffler et al (2007), and this group has gone on to publish several studies 
showing this same trend (e.g. Horneck et al., 2008; Meyer et al., 2011). 
While these works focus on survival fraction of the organisms, the new work 
presented here focuses on whether survival actually occurs or not. However, 
as all shots showed survival, the time until the first appearance of a green 
patch was then used to conjecture on possible trends of survival. The time 
recorded here is likely due to a combination of decreased survival rates at 
higher shock pressures, combined with damage to the survivors, delaying the 
on-set of growth. However, the exact nature of the relation between these two 
effects is not yet known and, accordingly, the author is currently working 
towards attaining a more precise quantification of survival for the organism. 
However, the data presented here do show an exponential increase in the time 
taken for noticeable growth with increasing shock pressure, and thus an 
exponential decay of time until noticeable growth by surviving organisms 
(see Figs. 5.7 & 5.8).  
This follows the same trend proposed by Burchell (2007) and 
Burchell et al., 2010, (see Fig. 5.9). However, there is likely to be some 
proportionality factor that needs to be added, as well as the recovery time of 
the organism at each shock pressure, for a quantitative analysis of the actual 
surviving fraction to be undertaken. It is further noted that the model 
proposed by Burchell (2007) and Burchell et al., (2010) shows an increase in 
lethality as shock pressures rise, which is compatible with the increased 
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growth delay time at the higher impact speeds (and higher shock pressures) 
suggested in Fig. 5.8. 
 
Figure 5.6: Plot of time to on-set of phytoplankton growth versus peak shock 
pressure after impact induced shock. The fit shows an exponentially increasing delay 
with increasing shock pressure until appreciable growth occurs. 
 
As stated above, it has been proposed by Burchell (2007) and 
Burchell et al. (2010) that survival rates versus peak shock pressures fall into 
two distinct regimes, as shown schematically in Fig. 5.9. It shows there is a 
relatively slow decrease in survival at low peak pressures, but above some 
critical (organism dependant) value (typically a few GPa), the decrease 
becomes exponential. At the very high pressure end of the curve (50 – 10
GPa), there are extra effects to be considered such as associated high peak 
Chapter 5: Survival of the  




shock temperatures, and prolonged heating on release from the shocked 
states. Impacts at these speeds causes partial melting of rock and metal 
targets and thus can be assumed to be completely sterilising. Hence all 
survival curves would tend to converge in this shock pressure regime (Price 
et al., 2013) and it is likely that phytoplankton are no exception to this, and 
future quantitative work will aim to establish if this trend for survival is 
indeed correct for phytoplankton. 
Related work by Zimmerman (1971) and Heremans (1982) has shown 
that for yeast cells, high pressure has detrimental effects on many of the 
cellular structures, including those required during mitosis (Zimmerman, 
1970), and it is thus possible that some changes in cell morphology could 
result from high pressure impacts and the disruption of the cell replication 
machinery. Fig. 5.10 presents some images of shocked samples of 
phytoplankton, and it can be seen that if there is any damage to the DNA in 
the cells of the phytoplankton, it has not altered the morphology of their 
external cellular structure. There may be damage, and changes in 
morphology, internal to the cell, but these are not evident from an external 
viewpoint. It is therefore concluded that the size and external shape of the 
surviving cells of Nannochloropsis oculata Phytoplankton are the same 
before and after impact. 
Additionally we see no change or damage to the cells due to the 
temperatures created during hypervelocity impacts. For example, during the 
impact that causes the highest peak temperature (6.93 km s-1), this 
temperature peak is experienced 30.00 ns after impact and returns to tolerable 
temperatures within a further 150 ns. The short time interval this occurs in 
reduces the amount of energy transfer. Therefore, the peak temperatures 
reached during the impact event dissipate on short enough timescales as to 
not cause extensive damage or death to the micro-organisms, rendering them 
non-sterilising.   
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Figure 5.7: Individual plots of the data for the two different sized projectiles used 
in shot programme #2. (a) Larger projectile for lower speed (< 5 km s-1) shots, and 
(b) Smaller projectile for higher speed (> 5 km s-1) hots.  
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Both plots in Fig. 5.8 show similar trends. However, the difference in 
the fit parameters, with a slower time until growth at higher impact speeds 
could potentially be indicative of the critical point between the two regimes 
of survival proposed by Burchell (2007) and Burchell et al., (2010). In Fig. 
5.8(a) the fit is performed twice, excluding the lowest shock pressure datum 
as a test of sensitivity to low shock pressures. 
 
Figure 5.8: Schematic showing the evolution of survival with peak shock pressure 
(adapted from Fig. 7 in Price et al., 2013) 
 
 If the kinetic recovery time of the shocked cells is assumed to be 
constant (or the difference negligible), then the time until growth is witnessed 
can be taken as a measure of the survival rate of the cells (see Fig. 5.10). 
Although no direct survival rates can be measured, the pattern does show the 
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same trend that Burchell, M. et al. (2010) suggests could be the two regime 
pattern for most micro-organisms. 
 
Figure 5.10: Showing time until visible growth is witnessed in recovered shocked 
phytoplankton cells against the pressure experienced by the cells, when assuming 
negligible changes to kinetic recovery, the time can be taken as an indicator of 
survival rate. The trend matches the proposed trend for micro-organisms by 
Burchell, M. et al. 2010.  
 
Willis et al., (2006) also carried out some studies that are relevant in 
the high pressure regime. They fired plates at targets that contained liquid 
suspensions of Escherichia coli bacteria, generating shock pressures in the 
samples of 2 – 3 GPa. When they recovered the targets, they obtained 
transmission electron microscope (TEM) images of the bacteria. They found 
evidence of delineation of the cell walls. Various mechanisms were put 
forward to explain this observation, either instabilities as shocks pass through 
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materials with different impedances, or possibly rupture due to over-pressure 
(i.e. if high pressure phases of ice formed in the surrounding water media). 
The onset of this (increasingly lethal) damage to the cell walls occurred at 
peak pressures of a few GPa, and this applied to the bulk of the sample. The 
small degree of lethality observed at low pressures may be due to shock 
damage to weaker members of the sample, local environmental conditions, 
etc.  
The critical shock threshold most likely depends on the organism 
itself, as suggested by Burchell (2007). The nature of the surrounding media 
may also play a role, but experiments to date have used a wide variety of 
media, such as samples carried in liquid suspensions, samples frozen in 
different ices, samples on (and within) rock, etc. Even with this wide range of 
media, the general shape of the survival curves is similar, which suggests 
whatever role it plays (if any) does not overly change the result. Another 
suggestion is that some other property of the shock event may be a 
responsible factor for the lethality observed, such as elevated temperatures in 
the samples after impact shocking.  
Hazell et al. (2010) have shown that, when impacted by a flyer plate, 
an oil based target solution shows increased emulsification. The bubbles 
observed in the emulsions in these experiments had diameters ranging 
between 1 – 20 microns, indicating that objects at this size scale are being 
influenced by shockwaves propagating through the sample. This is 
comparable to the size range of Nannochloropsis oculata Phytoplankton 
which range (in the sample used here) in a size distribution between 3 – 12 
microns, with an average size of 6.5 microns; this distribution was the same 
for all samples analysed. Thus it is likely that the cells of the phytoplankton 
are indeed being influenced in some way, albeit one that is undetectable to 
the probes used here. 
Chapter 5: Survival of the  





Figure 5.11: Images of shocked samples of phytoplankton from four separate 
shots. In each case the upper images were taken with an optical microscope and the 
lower images are SEM images. Comparison of the samples with each other and with 
the unshocked samples show no obvious signs of change in morphology, or size.
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Two standard contamination control checks of unused target water 
(the contamination control checks for shots G311012#1 and G110113#3) 
showed, what seemed to be at first, a small growth of phytoplankton. The 
level of growth witnessed in these two controls was very low, and took 45 
and 52 days respectively to be seen. The growth in both cases was confined 
to a single small region, a small spot on the bottom of the glass bottle for 
G311012#1, and a small spot on the water’s surface for G110113#3. Each 
spot only grew to a very small size in comparison with the actual fired 
samples, and therefore even, if the same contamination occurred in the actual 
shot samples, it could not account for the growth witnessed in these shots. 
Both of these corresponding samples from the actual shots showed 
appreciable growth on much faster time scales (9 and 35 days respectively) 
and showed far more growth in total. They also gave the water a mild green 
colouration due to the concentration of the organism in the fluid, but the 
contaminated controls never developed this colouration throughout the whole 
experiment that was terminated much later (224 days after G311012#1 and 
152 days after G110113#3). The illumination for all samples was the same 
and constant, and all bottles were sealed so the air supply, although limited, 
was equal for all samples. 
One further example of contamination was seen in the low speed ice 
contamination control check shot G221112#3 (see Fig. 5.12). After 62 days a 
green ‘blob’ appeared on the bottom of the glass bottle. However, as this 
green blob grew it was clearly a distinctly brighter green colour than the 
phytoplankton samples used in the experiment. It also grew in a different 
way, preferring to build on itself in a bulbous fashion (as opposed to 
phytoplankton which cling to the waterline, grow on the surface in sheets, or 
simply free float in the liquid as individual cells giving the water its green 
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colouration). After further examination under the SEM it was discovered that 
it was an unknown contaminant, as the cell morphology was completely 
different to that of the phytoplankton, and thus could be neglected with 
regards to phytoplankton contamination (of which there was none in both ice 
control shots, and their respective unfired contamination control check 
samples). It is speculated that the contaminant may be some form of bacteria 
due to the tubular shape of its cells, and the chains these cells are arranged in, 
or potentially a subspecies of algae that forms in chains.  
 
Figure 5.12: Unknown (presumed bacterial) contamination in low speed ice 
control shot (G221112#3). Top left: photograph of the contamination in the glass 
bottle. Bottom left:  optical microscope image of a small sample of the 
contamination. Top and bottom right:  SEM images of a small sample of the 
contamination showing its tubular chain ‘bacteria-like’ structure. 
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5.10 Conclusion  
This chapter reported on the experimental and computational 
techniques performed to test the phytoplankton species Nannochloropsis 
oculata for survival during hypervelocity impact events. It was discovered 
that Nannochloropsis oculata can indeed survive hypervelocity impact events 
up to at least 6.93 km s-1 (the highest speed shot performed) into a water 
target (peak pressure approximately ~ 58.6 GPa) albeit with a sharper decline 
after 20-25 GPa where the lethality turns from ‘ inor’ to ‘severe’. This 
further expands the knowledge of the types of organisms that can survive this 
shock regime.  
A water target was used to simulate an oceanic impact, as described 
in Milner et al., (2006), and the projectiles were fired using a two stage light 
gas gun (Burchell et al. 1999). Water targets were used as this represents an 
impact onto the majority of the surface of the Earth, and would be the 
required habitat for the survival and reproduction of migrant phytoplankton 
cells.  
Modelling and simulations of the hypervelocity impact events of the 
experimental programme showed that the survival regime during 
hypervelocity impacts for Nannochloropsis oculata is approximately ~ 2.84 
GPa – 58.6 GPa, (pressures below 2.84 GPa would correspond to velocities 
lower than 1.25 km s-1 which would fall below the threshold of 
hypervelocity).  
The peak temperatures experienced by the cells dissipates quickly 
enough after initial impact so as not to cause significant damage to the micro-
organism, allowing it to survive an otherwise sterilising temperature.  
Finally, contamination of one control sample was found to contain an 
unidentified strain of bacteria, but no phytoplankton contamination was 
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found in any control samples, providing evidence that all witnessed growth in 
‘live’ shot samples was indeed from the individual performed shots, and that 
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THE SURVIVAL OF THE 
TARDIGRADE SPECIES HYPSIBIUS 
DUJARDINI 
 
“When provoked, the itsy-bitsy invertebrates known as tardigrades can suspend 
their metabolism. In that state, they can survive temperatures of... 73 K (-328 
degrees F) for days on end, making them hardy enough to endure being stranded on 
Neptune. So the next time you need space travellers with the right stuff, you might 
want to choose yeast and tardigrades, and leave your astronauts, cosmonauts, and 
taikonauts at home.” 
Neil DeGrasse Tyson 
 
6.1 Introduction 
Following the successful work of the phytoplankton shot programme 
described in the previous chapter, another shot programme was embarked 
upon. This new shot programme aimed to test a new species of micro-
organism for survival during hypervelocity impact events – the tardigrade 
species Hypsibius dujardini. This chapter will describe in detail information 
regarding the experimental ‘velocity range’ shot programme that was 
performed, as well as describing the results of this programme. The results 
from the hydrocode modelling and calculations are then detailed. Analysis 
and discussion and a temperature study of tardigrades frozen in water ice is 
then presented, before a discussion on the implications these results have for 
panspermia. Finally, concluding remarks are passed. 
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6.2 Target Preparation 
Several samples of tardigrades were sourced from Sciento 
(www.sciento.co.uk). These were first examined to ascertain how many 
viable organisms were in each divided sample (approximately 400 - 500 
organisms), then the samples were placed in a plastic target (see Fig. 6.1) and 
put into a freezer at approx. -25oC.  
 
 
Figure 6.1: Plastic target (base 51 × 51 mm) filled to 1 cm depth with the 
tardigrades in frozen water ice with algal food for sustenance upon thawing.  
 
A shot program was undertaken with velocities ranging from 0.372 to 
5.49 km s-1, firing a cylindrical nylon projectile (diameter 4.4 mm × length 
4.5 mm) at a target (51 × 51 × 10 mm) of ice containing frozen tardigrades.  
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The target was housed within an aluminium target holder designed to 
allow a projectile in to impact the target, but minimise the ejecta loss due to 
impact. This was achieved by having an aluminium box surrounding the 
target holder with a small hole for the projectile to travel through. The box 
itself stops any ejecta escaping, allowing it to collect at the bottom of the 
holder in a tray for collection, see Fig. 6.2. Several different version were 




Figure 6.2: Target holder (right) with housing (left) removed (target is placed such 
that the top face of the ice is within the central square hole in the inner hold r). The 
housing box is 17.5 cm wide, 17.5 cm deep, and 17.0 cm high. This is one of several 
different holders used due to damage sustained by the high velocity impacts. 
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6.3 Shot Programme 
For each sample impacted, another was also removed from the freezer 
and thawed, this served as the unshocked control sample. Table 6.1 gives 
details of the shot programme performed.  
This experimental procedure used of the Light Gas Gun (LGG) 
(described in Chapter 4) to fire a sterile, solid cylindrical, nylon projectile. 
The target was left in a freezer at -25oC until the LGG was ready for 
shooting, at which point it was removed and placed directly into the target 
chamber to minimise melting of the target media. Then the LGG was 
evacuated to a pressure of 50 mBar - this is as low as it could be taken to 
avoid significant sublimation of the ice target. Once the LGG’s target 
chamber was at 50 mBar, the room was evacuated of personnel and the LGG 
was fired. The approximate time interval between loading the projectile and 
firing the gun was 15 minutes. Several tests of control samples showed that 
no significant melting occurred in this time interval using this experimental 
set up. 
In order to accurately measure the velocity achieved, the projectile 
passes through two laser light curtains, (also described in Chapter 4) allowing 
for an accuracy of calculation of the speed of the shot to be made that is 
accurate to within +1%.   
After a shot, the target chamber was returned to atmospheric pressure 
and the target holder immediately removed. The water and ice remaining in 
the target holder was carefully poured through a sterile glass funnel into a 
sterile petri dish (diameter 8 cm). A small glass pipette was then used to 
extract all remaining drops of water and ice from the target holder, and these 
were also placed in the petri dish. 
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Table 6.1: Parameters of the shot programme performed. 
Shot Number Shot ID Time Frozen 




S1 G281113#1 14 0.37 
S2 G100414#1 8 0.65 
S3 G211113#1 7 1.03 
S4 G240414#1 22 1.40 
S5 G160414#1 14 1.41 
S6 G030414#1 1 1.42 
S7 G041213#1 21 1.95 
S8 G060214#2 13.5 2.23 
S9 G300114#1 6.5 2.80 
S10 G131213#1 1 3.23 
S11 G280414#1 26 3.45 
S12 G120214#2 20 4.29 
S13 G280214#1 36 5.18 
S14 G200214#3 28 5.49 
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Both the control and the ‘live’ shot samples were placed into an ‘Exo-
Terra’ egg incubator (see Fig. 6.3) under a constant light source at a stable 
temperature of 25oC +1oC for 24 hours. At this point they were then removed 
so analysis could begin. 
 
 
Figure 6.3: ‘Exotherma’ incubator, used to store the post-shock and control 
tardigrade samples ready for analysis. 
 
6.4 Post-Shock Analysis 
Each target contained between approximately 400 and 500 organisms. 
These were randomly distributed throughout the whole of the target. Analysis 
of several samples before freezing showed an almost uniform distribution of 
organisms across the bottom of the target. Several areas (approximately 1/6th 
of the sample) were chosen at random within three different samples and the 
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organisms counted. This yielded similar results each time with only minimal 
deviation.  
 
Table 6.2: The distribution of organisms within the samples. Three random 
samples were chosen, and each had three random small areas of the same size 
analysed – approximately 1/6th of the sample area (~3x103 mm2).     
Counting Area Number of organisms 
Sample 1 Area 1 65 
Sample 1 Area 2 71 
Sample 1 Area 3 68 
Sample 2 Area 1 66 
Sample 2 Area 2 68 
Sample 2 Area 3 70 
Sample 3 Area 1 71 
Sample 3 Area 2 68 
Sample 3 Area 3 66 
 
Table 6.2 shows the distribution of tardigrades in the sample is fairly 
even across the target (there were in some instances grouping and voids but 
only on very small scales, and thus did not affect the overall distribution 
across larger areas). Each random area thus showed an average of 68 +3 
organisms. 
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Each sample was analysed using an optical microscope at 1000× 
magnification. For each shot two frozen targets were used (each frozen at the 
same time): one was fired on (and thus shocked) then left to thaw, the other 
was simply left to thaw as a control. After 24 hours both samples were 
analysed under the optical microscope and all organisms were counted and 
their condition documented.  
To determine where an individual tardigrade was living or dead 
required several factors to be considered. Overt movement was an obvious 
sign of life; however, tiny involuntary movements within the organisms also 
confirmed life even if the organism was overtly still. Additional to these 
factors, dead tardigrades showed a particular morphology indicating no 
muscle tension. The determination of live or dead was challenging in the first 
instance: however, after many test batches the obsrver’s eye became more 
attuned to the determination of live or dead.  
Approximately 350 total organisms (approximately 70 – 85% of a 
sample) were counted for each sample (living and dead). The ratio of living-
to-dead organisms within a shocked sample gave a measure of the survival 
rate when compared to the ratio of the corresponding control sample.  
The post-shock survival fraction of the shots was derived by first 
finding the ratio of living-to-total organisms, of both control and shocked 
samples (eggs and discarded cuticles were not included, only fully hatched 
whole organisms). It should be noted that even within the control samples a 
certain fraction of the organisms had died. These ratios were then divided by 
one another – shocked by control – to determine the post-shock survival 
fraction of the organisms.  鯨捗捗 噺 挑濡【脹濡挑肉【脹肉    (Eq. 6.1) 
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where Sff is the survival fraction for shocked organisms that have previously 
survived freezing, Lf  and Tf are the number of living and of total (living and 
dead) organisms respectively, in a frozen, then thawed, control sample, Ls 
and Ts are the number of living and of total (living and dead) organisms 
respectively in a frozen, then shocked, then thawed, sample. However, this 
only showed the fraction of survival from those that could survive in the 
frozen state.  
To find the post-shock survival fraction of an initial unfrozen 
population, the living–to–total ratio of the shocked sample was divided by the 
living–to–total ratio of an initial unfrozen sample, such as would be found 
naturally in a wild population. This provides the post-shock survival fraction 
for an initial population in a normal natural state before the specific shot that 
was performed.  鯨捗沈 噺 挑濡【脹濡挑日【脹日    (Eq. 6.2) 
where Sfi is the survival fraction for shocked organisms from an initially 
natural state, Li and Ti are the number of living and of total (living and dead) 
organisms respectively in an initial unfrozen, control sample, Ls and Ts are 
the number of living and of total (living and dead) organisms respectively in 
a frozen, then shocked, then thawed, sample. 
 For the temperature studies, the survival fraction after freezing was 
found using the same basic methodology. However, the living–to–total ratio 
of the thawed frozen sample was divided by the living–to–total ratio of the 
same sample before it was frozen rather than a separate control.    
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6.5 Modelling and Simulation of Results: 
As described in Chapter 5, two methods were used to determine an 
estimate of the pressure conditions experienced by the Phytoplankton 
Nannochloropsis oculata during the hypervelocity impact process, The Late-
Stage Effective Energy method and hydrocode modelling using Ansys’ 
AUTODYN. However, as the Late-Stage Effective Energy method can only 
give estimates of the peak pressures experienced during an impact this is of 
no use here.  
Here the pressure range across the whole target containing the 
tardigrades is required in order to determine the pressures the target is 
exposed to during impact. The goal here is to determine the point at which 
the minimum peak pressure occurs in the target as this is the minimum 
pressure that the entire target and thus every tardigrade in that target has been 
subjected to. Therefore any surviving tardigrades will have at least survived 
this pressure if not higher. This can be used to constrain the limits of survival 
for the tardigrades. These computer simulations were performed to accurately 
gauge the impact induced shock pressures felt at all points in the target’s 
back edge, where the tardigrades were located.  
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Figure 6.4: Example of Ansys AUTODYN simulation using 2D axial symmetry 
for a cylindrical nylon projectile impacting an ice target at 5.49 km s-1 ju t before 
impact. 
 
As described in Chapter 4, Ansys’ AUTODYN is a commercially 
available hydrocode (Hayhurst & Clegg, 1997). Here it was used to model 
the peak shock pressures experienced within the tardigrade doped water ice 
targets at various locations across the target. AUTODYN allows for an 
accurate determination of the shock pressure, as well as allowing estimates of 
the pressure versus time to be made across the target.  
The experiment was modelled using a lagrangian mesh and the target 
was modelled as a 72 mm long rectangular water target with a thickness of 10 
mm, effectively taking a slice through the target diagonally corner to corner. 
However, due to the axial symmetry of the model, this was modelled as a 
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half-space giving a target that was a rectangle of water 36 mm × 10 mm, 
comprising 3600 equally sized cells (see Fig. 6.5). 
 
 
Figure 6.5: Schematic showing the ‘slice’ used in the hydrocode model. The small 
arrow is 10 mm and the larger arrow is 36 mm. 
The projectile was modelled as a 4.5 mm long nylon cylinder with a 
diameter of 4.4 mm. Due to the 2-D symmetry, this was modelled as a 
rectangle 4.5 mm × 2.2 mm comprised of 99 cells (Fig. 6.6). One hundred 
and sixty software gauges (or ‘tracers’) were placed inside the cells within 
the target in order to track the pressure during the impact event. The 
equation-of-state parameters were taken from the AUTODYN material 
library and are detailed for nylon in Matuska (1984) and water in Trunin et 
al. (2001). As with the simulations for the phytoplankton shots in Chapter 5, 
the target was modelled as pure liquid water to simplify the model and as 
Price et al. (2012) demonstrated these approximations can be deemed as 
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valid. The peak pressures in the simulations occur just after the projectile 
penetrates the water target (Fig. 6.2), and see Tables 6.3 & .4 for the results 
of these simulations. However, the pressures given are those at the far edge 
of the target (where the tracking gauges were placed) as this is where the 
tardigrades were located, and the maximum pressures experienced by the 
organisms is what is of interest here, not the pressures at the impact point.  
 
Figure 6.6. AUTODYN simulation showing: Left. Set up showing the positions of 
gauges #1 and #160 for reference. Right: Pressure contours during a 3.23 km s-1 
impact, (snapshot taken 6.13 µs after impact).  
 
6.6 Results and Analysis 
To test the viability of the shocked samples, the ice and water 
collected after impact were left to thaw for 24 hours inside the incubator, and 
then analysed under an optical microscope. In all of the shocked samples 
surviving organisms were observed. Most of these surviving organisms were 
found to be in an active state, moving around and eating algae, just as the 
living organisms in unshocked samples had shown, some were unmoving but 
Chapter 6: The Survival of  
the Tardigrade Species 
 Hypsibius dujardini 
152 
 
movement could be seen inside the motionless organism showing it was still 
alive, just not active, again as seen in unshocked controls. 
The original sample of tardigrades showed an approximately ratio of 
living-to-dead organisms of ~1.0, a living-to-total ratio of ~0.5, i.e. ~50%. 
After freezing at -25oC (using fourteen samples for varying time intervals) 
this drops significantly (Table 6.3). However, the survival rate appears to be 
almost constant regardless of the length of time the sample is frozen, with a 




Figure 6.7. Graph showing the living-to-dead ratio against the time frozen (at -
25oC) for un-shocked control samples. The mean line is also plotted for reference, 
with the associated error (shaded area) within which the data should fall regardless 
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Table 6.3: Results from the shot programme. ‘LtD’ denotes Living-to-Dead ratio. 
*Orig = Original sample, unfrozen, and unshocked. 















Orig N/A N/A N/A N/A 1.00 
S1 0.37 4.15 – 71.1 14 0.120 0.28 
S2 0.65 9.23 – 107 8 0.117 0.30 
S3 1.03 24.8 – 166 7 0.115 0.32 
S4 1.40 51.3 – 232 22 0.113 0.30 
S5 1.41 54.5 – 234 14 0.113 0.32 
S6 1.42 56.6 – 238 1 0.113 0.33 
S7 1.95 99.9 – 368 21 0.111 0.31 
S8 2.23 111 – 440 13.5 0.100 0.29 
S9 2.80 172 – 634 6.5 0.091 0.31 
S10 3.23 219 – 971 1* 0.076 0.37* 
S11 3.45 235 – 1218 26 0.073 0.30 
S12 4.29 288 – 1752 20 0.071 0.31 
S13 5.18 371 – 2935 36 0.030 0.28 
S14 5.49 374 – 3348 28 0.018 0.30 
*= Control was only frozen ~12 hours, increasing the LtD ratio, see Fig. 6.11. 
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Figure 6.8. Graph showing living-to-dead ratio vs. impact velocity for shocked 
samples of tardigrades. Top: Linear plot. Bottom: Same data plotted with 
logarithmic axes.  
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The data for the 1 day frozen control is not plotted in Fig. 6.7 as this 
sample was only frozen for 12 hours and it is possible that some organisms 
survived between ice crystals before the entire sample could freeze 
thoroughly.  
The fourteen shocked samples show a decreased survival rate with a 
clear trend; as the impact velocity (and shock pressure) increases, the living-
to-dead ratio of the organisms drops significantly (Table 6.3 & Fig. 6.8).  
When the living-to-dead ratio is plotted against the minimum and 
maximum pressure ranges experienced during the impacts (as modelled with 
AUTODYN), the same overall trend is seen (Fig. 6.9). However, as there 
were a range of pressures experienced across the target, and no way to 
determine the exact position of the surviving organisms within the target at 
the time of impact, only a lower limit (Fig. 6.9’s lower valued curve – blue 
data points) can be taken as conclusive.  
Realistically, the true pressure that any one organism survives will be 
slightly higher, as it is unlikely that all the surviving organisms were 
clustered in the one spot that experienced the lowest peak pressure. It is thus 
suggested that the actual pressures survived lie close to – but above – the 
lower limit curve (blue data points), but well below the higher valued curve 
(red data points) in Fig. 6.9.  
Here it is shown that complete lethality will occur at around ~400 
MPa (although realistically this will be slightly higher), this compares well to 
water pressure experiments performed by Seki K. et al. (1998) that showed 
the upper limit for survival by tardigrades in perfluorocarbon was 
approximately ~600 MPa. 
Chapter 6: The Survival of  
the Tardigrade Species 




Figure 6.9. Graph showing living-to-dead ratio against the pressure range 
experienced by the organisms. Each shot (and corresponding living-to-dead ratio) 
has two data points. Blue data points show the lowest pressures per shot, red data 
points show the highest pressure per shot. Thus, the true survival curve will lie 
somewhere within the shaded pink area. 
  
The data shows that there is a higher survival rate for the frozen state 
to shocked state stage, than from an initially unfrozen ‘natural’ state to 
shocked state stage. This is due to some organisms not surviving the freezing 
stage of the total process. For the purposes of panspermia we would need to 
consider the survival fraction post-impact from an initial population that was 
in its natural habitat, i.e. unfrozen, at the time. The survival fraction of such a 
population will clearly be lower than that for an already frozen (but live) 
population, due to the death of some organisms during freezing. (see Table 
6.4, and Figs. 6.10 and 6.11.) 
Using the data from Table 6.4 and applying equations 6.1 and 6.2, the 
survival fractions for post-shock tardigrades can be calculated (see Table 6.5 
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and Figs. 6.10 and 6.11). Figures 6.10 and 6.11 show both the survival from 
shock alone, and survival from freezing and shock. 
Table 6.4: The ratio of Living–to–Total organisms for frozen then shocked then 
thawed, frozen then thawed, and initial population, for a range of shots.  






S1 0.1075 0.2199 0.5 
S2 0.1043 0.2296 0.5 
S3 0.1030 0.2403 0.5 
S4 0.1016 0.2326 0.5 
S5 0.1011 0.2400 0.5 
S6 0.1015 0.2500 0.5 
S7 0.1000 0.2398 0.5 
S8 0.0909 0.2270 0.5 
S9 0.0833 0.2381 0.5 
S10 0.0702 0.2727 0.5 
S11 0.0685 0.2333 0.5 
S12 0.0666 0.2398 0.5 
S13 0.0291 0.2174 0.5 
S14 0.0181 0.2313 0.5 
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Survival Fraction From 






S1 4.15 0.489 0.215 
S2 9.23 0.455 0.208 
S3 24.8 0.429 0.206 
S4 51.3 0.437 0.203 
S5 54.5 0.421 0.202 
S6 56.6 0.406 0.203 
S7 99.9 0.417 0.200 
S8 111 0.400 0.182 
S9 172 0.350 0.166 
S10 219 0.257 0.140 
S11 235 0.293 0.137 
S12 288 0.278 0.133 
S13 371 0.134 0.058 
S14 374 0.079 0.036 
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Figure 6.10. Top: Survival fraction of shocked tardigrades from the initial 
‘natural’ population (lower limit). Bottom: Survival fraction of shocked tardigrades 
from the surviving (frozen) population (lower limit). 
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Figure 6.11: Top: Percentage survival rate of shocked tardigrades from the 
surviving (frozen) population (lower limit). Bottom: Percentage survival rate of 
shocked tardigrades from the initial ‘natural’ population (lower limit). Note – the 
highlighted datum appears outside the main trend - as stated above, the control 
sample for this shot was only frozen for 12 hours and it is likely that some 
organisms survived between ice crystals before the entire sample could freeze 
thoroughly, whereas the shocked sample was frozen fully, and thus would have had 
a lower starting population upon firing, thereby lowering the result from Eqn. 6.1 for 
this datum. 
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The results presented here follow the same trend that has been shown 
for other organisms, such as yeast (Price et al. 2013), and bacteria (Burchell 
et al. 2004). The description of the trend, as proposed by Burchell (2007) and 
Burchell et al. (2010), is that survival rates for micro-organisms versus peak 
shock pressures fall into two distinct regimes; (shown schematically in 
Chapter 5, Fig. 5.9). It shows there is a relatively slow decrease in survival at 
low peak pressures, but above some critical (organism dependant) value, the 
decrease becomes exponential. The small degree of lethality observed at low 
pressures may be due to shock damage to weaker members of the sample, 
local environmental conditions, etc. which has the effect of causing an initial 
shallower curve before the sharper curve, creating the ‘knee joint’ or critical 
threshold between the two regimes, (if all members of the sample were 
absolutely identical, conditions were identical for each member, and shocked 
identically then the curve would simply be a vertical line at the point of 
lethality). As described in Chapter 5 all survival curves would tend to 
converge in the high pressure end of the curve (50 – 1 0 GPa; Price et al., 
2013).  
This high pressure convergence is not relevant for tardigrades as they 
experience complete lethality well before such extremely high pressures are 
reached. It is reassuring though to see the same trend repeated for this 
organism in this work, and this lends yet more weight to the idea that this 
truly is a universal trend for all micro-organisms, even complex multi-
cellular ones. 
The flyer plate experiments by Hazell et al. (2010) mentioned 
previously in chapter 5 have indicated that objects with diameters ranging 
between 1 – 20 microns are being influenced by shockwaves propagating 
through the sample. This is comparable to the size range of the tardigrades’ 
cells of ~4 microns. The tardigrades in the sample used here have an average 
length of 170 microns (this size distribution was the same for all samples 
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analysed), and assuming a roughly cylindrical shape have a radius of around 
50 microns, and with an average of 40,000 cells per organism this yields an 
approximate cell length of 4 microns. Thus it is likely that the cells of the 
tardigrades are being influenced in some way, albeit one that is undetectable 
to the probes used here, as all surviving organisms appeared to be healthy and 
behave in a similar state to how they did before being frozen and impacted. 
Zimmerman (1971) and Heremans (1982) work on yeast cells has 
shown that high pressure has detrimental effects on many of the cellular 
structures, including those required during mitosis (Zimmerman, 1970), and 
thus high pressure impacts and the disruption of the cell replication 
machinery could possibly cause some changes in cell morphology. Fig. 6.12 
presents some images of shocked samples of tardigrades, and it can be seen 
that if there is any damage to the DNA in the cells of the tardigrades, it has 
not altered their observable behaviour. There may be damage, and changes in 
morphology internal to the tardigrades’ cells, but these are not evident from 
an external viewpoint. It is therefore concluded that the cells of the surviving 
organisms are the same before, and after. impact. A shocked population 
would have to be observed after reproducing offspring to see if there were 
any evident changes in morphology due to damaged DNA. However, such 
studies were not performed here. 
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Figure 6.12. Surviving tardigrades. Top left:  S5 (1.409 km s-1). Top Right:  S8 
(2.23 km s-1). Bottom Left:  S11 (3.45 km s-1). Bottom Right: S13 (5.18 km s-1). 
During the experiments there were also two individual examples of 
eggs that were almost at the point of hatching before impact. These eggs 
survived and hatched after the impact, showing that eggs in a non-desiccated 
state can also survive such extreme pressures and still be viable when 
thawed. This also suggests that the tardigrades can survive extreme shocks 
without being in their desiccated state. However, survival at higher pressures 
is not sustainable without being in the desiccated state, future work to 
determine the cut-off from when survival is only attainable during the 
desiccated state would provide a useful addition to this work.  
 
6.7 Temperature Testing 
  As the temperatures in space can vary depending on the local 
environment (i.e. close to a star can be extremely hot, where as the void 
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between galaxies can be as low as 3 K), any tardigrades capable of a 
panspermia style journey must be able to survive the temperatures of space 
between the home planet and the destination planet. Therefore, during the 
main programme an additional study was undertaken to measure the 
survivability of tardigrades as a function of different freezing temperatures. 
Various different freezing temperatures (-25oC, -80oC, -140oC, and -196oC) 
were explored during the experiment, (however, none of these samples were 
fired onto in the main experiment). Each sample in the temperature study was 
frozen for 48 hours at the desired temperature, and then left to thaw for 24 
hours before analysis was performed. 
The results show a gradual decrease in survival with lower 
temperatures. However, surviving organisms were found in all tests 
performed; see Table 6.6 and Fig. 6.13.  
 
Table 6.6. Results of the temperature studies performed. 
Temperature (oC) Living-to-Dead Ratio Survival Fraction 
From Initial 
Population 
-25 0.30 0.46 
-80 0.15 0.27 
-140 0.12 0.22 
-196 0.07 0.13 
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Figure 6.13: Showing the survival rate of tardigrades after the freezing process 
at different temperatures.  
 
While the percentage of tardigrades that can survive an impact does 
not depend on temperature, the temperature results presented here show that 
progressively less organisms survive the freezing process as temperatures 
drop. This implies that for any impact scenarios (in which tardigrades are 
frozen during impact), where the only variable parameter is temperature, (i.e. 
projectile and target, size, shape, velocity, and materials, are identical), and a 
desired number of survivors is required, then in order to have the same 
number of surviving organisms at the end of the process, the size of the initial 
starting population will be subject to change. The size of the initial 
population will thus be dependent upon the freezing temperature the 
organisms experience via some constant of proportionality which determines 
the population size in order to achieve a given survival objective for identical 
impacts where only the temperature of freezing changes.    
Therefore, to estimate the surviving population of an impact scenario, 
the survival rate of the temperature of the freezing process must first be 
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applied to an initial population, and then the survival rate of the pressure of 
the impact must be applied to this, to find the probability of survival for a 
given starting population.  
 
6.8 Implications for Panspermia  
 Complementary work with hydrocode modelling (see Chapter 7) has 
shown that the shock pressures that tardigrades are able to survive would 
allow the tardigrade to survive impacts into bodies such the Moon, 
Enceladus, Europa, and other small moons and asteroids within the Solar 
System, as well as any other extra-solar bodies of similar size and mass 
(Pasini et al., 2014, 2015). Tardigrades could, under favourable conditions 
(i.e. via spallation, see below), also be ejected into space, escaping the 
Earth’s gravitational field (the initial requirement for any type of naturally 
occurring panspermia to happen). The impacts necessary for such ejection 
from the Earth generate peak pressures much higher than those that a
tardigrade can survive. Peak pressures at the site of a giant impact that is 
capable of lifting material into space from the Earth can be extreme: 10’s – 
100’s of GPa; this is beyond the range of survival for tardigrades. However, 
studies have shown that even large fragments ejected through spallation that 
reach space, can experience peak pressures an order of magnitude lower than 
those at the initial impact site (Fajardo-Cavazos et al. 2009). This would 
allow tardigrades to be effectively ejected from the Earth and into space 
where they can then be transferred to other bodies within the Solar System, 
allowing a successful panspermia style transfer. Also, as tardigrades are often 
found with copious quantities of their main food source (phytoplankton), any 
impact event that ejects (through spallation) the tardigrades into space would 
also likely eject the phytoplankton too, and as previous shown in Chapter 5, 
this too can survive panspermia style impacts (Pasini et al. 2013a, 2013b), 
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thus any tardigrades that successfully make it to another planetary body 
would likely have a surviving food source with them also, allowing for a 
much greater chance of continued survival in their new habitat. 
The range of organisms that survive hypervelocity impacts has now 
been extended to include the tardigrade species Hypsibius dujardini. Other 
groups (Stoffler et al. 2007, Horneck et al. 2008, Price et al. 2013, Pasini et 
al. 2013a,  2013b, & Burchell et al. 2001, 2004) have reported that lichens, 
yeast, phytoplankton, and bacteria can survive shocks that allow for transfer 
between planetary bodies. This work demonstrates that not only these 
organisms, but much more complex forms of life could survive the ejection 
and delivery onto another planetary body, or survive ejection from the Earth 
on to the Moon (Burchell et al., 2010). There are, of course, other factors that 
will influence the survival in impacts of rocks and ice onto planetary bodies. 
One example is the heat pulse generated during an atmospheric entry, this 
will sterilise the upper few millimetres of a body traversing the atmosphere 
(de la Torre et al., 2010). Another example is the material into which the 
projectile impacts: rocks, ices, snows, various liquids, sands, etc.; these 
various different surfaces will change the shock pressure experienced by any 
organisms on an impactor, and some will be more beneficial to life than 
others after impact (e.g. some may retain more impact generated heat, some 
will be more conducive to life, some will be hostile). 
The experimental work presented here used a frozen water ice target 
containing the life-forms, suggestive of an oceanic/ice-shelf impact on an 
Earth-like planet. This was an appropriate set up for experimental 
investigations of the concept of panspermia, as an added feature of this type 
of event is that such an impact could cause fractures and fissures in the 
impactor. These can open up in the surviving projectile material, and allow 
water to infiltrate down into the interior, releasing material trapped, but 
protected, during the journey through space that could have otherwise remain 
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entombed in an interior surrounded by a glassy melt exterior caused by 
atmospheric heating during entry.  
It is also possible that icy satellites with sub-surface oceans (e.g. 
Europa, and Enceladus) may exchange impact ejected material with other icy 
satellites. In this case so called “icy-satellite” panspermia may occur (see 
Burchell et al. 2003 for a discussion and demonstration of high speed, impact 
induced, ejection of viable micro-organism from an icy surface). If 
transferred, organisms could then penetrate the icy cover on the new body 
and reach the sub-surface ocean, they may then multiply and flourish.  
This is the first time a multi-cellular complex organism has been 
shown to be able to survive a natural transfer between planetary bodies 
within the Solar System. It is therefore found that the tardigrade species 
Hypsibius dujardini, a multi-cellular, micro-organism, could survive ejection 
from, and impact onto, another planetary body with a viable ecosphere, and, 
assuming a viable food source, could establish itself on that world. It could 
also serve as a food source for any potential life-forms that already exist 




This chapter reported on the experimental and computational 
techniques performed to test the tardigrade species Hypsibius dujardini for 
survival during hypervelocity impact events. It was discovered that Hypsibius 
dujardini can indeed survive being shocked during hypervelocity impact 
events up to 5.49 km s-1, surviving in pressures ranging from 374 MPa – 
3348 MPa). It is seen that the lethality turns from minor to severe at 
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approximately 4.29 km s-1 in these tests (surviving in pressures ranging from 
288 MPa – 1752 MPa).  
Modelling and simulations of the hypervelocity impact events of the 
experimental programme showed that the survival regime during 
hypervelocity impacts for Hypsibius dujardini is up to at least 374 MPa (as a 
lower limit). As seen in the previous chapter with phytoplankton, the peak 
temperatures experienced during impact dissipate quickly enough after initial 
impact so as not to cause significant damage to the micro-organism allowing 
it to survive an otherwise sterilising temperature.  
Finally, temperature testing shows that at increasingly lower 
temperatures, tardigrades frozen in ice will have a correspondingly lower 
survival rate upon thawing. This, in turn, affects the overall survival 
percentage from a natural population during an impact at lower temperatures. 
However, even when frozen in liquid nitrogen at -196oC there was still 
significant survival of organisms that could go on to survive further impacts 
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SCENARIOS FOR DIFFERENT 
EXTREMOPHILE SPECIES 
 
“In the Solar System, Enceladus ought to be one of the highest priorities for the 
world's space agencies. Enceladus has a source of energy (tidal heating), organic 
material, and liquid water. That's a textbook-like list of those properties needed for 
life. Moreover, nature has provided astrobiologists with the ultimate free lunch: jets 
that spurt Enceladus's organic material into space.”  
 
David C. Catling 
 
7.1 Introduction 
Having demonstrated the survivability of both the phytoplankton 
species Nannochloropsis oculata, and the tardigrade species Hypsibius 
dujardini in the previous Chapters, a consideration is now made with regard 
to other species that have been shown to survive hypervelocity impacts. A 
comparison of various extremophile life-forms against different simulated 
impact regimes is then considered to understand the limits of panspermia 
scenarios to which different micro-organisms are tolerant. To do this, 
hydrocode models are used to simulate different impact scenarios based on 
the known parameters of survival tolerance for the five chosen micro-
organisms. 
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This chapter begins by looking at the five different species of 
extremophile that will be considered in the analysis of different panspermia 
scenarios (see Chapter 8), so that their survival parameters can be used to 
create hydrocode impact models that can later be compared to the micro-
organisms’ tolerances. The detailed construction of these models and their 
reasoning is explained. This is followed by a presentation of the results of 
these simulations. Finally, concluding remarks are given ahead of the in-
depth analysis and discussion of Chapter 8. 
 
7.2 Extremophiles Used for Comparison  
Previous experimental studies have demonstrated the survivability of 
living cells during hypervelocity impact events, testing the panspermia and 
litho-panspermia hypotheses (Burchell, M. et al. 2004). It has been 
demonstrated in Chapter 5 that Nannochloropsis oculata Phytoplankton (see 
Fig. 7.1) can survive impacts up to 6.93 km s-1 and thus impact induced shock 
pressures of approximately 40 GPa) (Pasini, D. et al 2013a, Pasini, D. et al. 
2013b). 
Chapter 6 also demonstrated the survival of the tardigrade species 
Hypsibius dujardini (a complex micro-animal consisting of 40,000 cells, see 
Fig. 7.2), when subjected to impacts up to 5.49 km s-1, surviving pressures of 
374 MPa (and possibly higher; Pasini, D. et al 2014a, Pasini, D. et al. 2014b). 
It has also been shown by Seki, K. et al. (1998) that tardigrades can survive 
sustained pressures up to 600 MPa using a water filled pressure capsule.  
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Figure 7.1: Optical (top) and Scanning Electron Microscope (bottom) images of 
Nannochloropsis oculata. 
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Figure 7.2: Images of the tardigrade species Hypsibius dujardini under optical 
microscope at ×350 magnification. 
 
Additionally bacteria (see Fig. 7.3) have been shown to survive 
impacts up to 5.4 km s-1 (approx. shock pressure ~30 GPa) – albeit with a low 
probability of survival (Burchell, M. et al. 2004). There has also been 
experiments to test the survivability of yeast spores (see Fig 7.4) in 
hypervelocity impacts up to 7.4 km s-1 (approx. shock pressure ~30 GPa) 
(Price, M. et al. 2013).  
Other groups have also reported that the lichen Xanthoria elegans 
(see Fig. 7.5) is able to survive shocks in similar pressure ranges 
(approximate shock pressure ~40 GPa; Horneck, G. et al. 2008).  
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Figure 7.3: Bacteria used in impact studies up to 5.4 km s-1 (approximate shock 
pressure ~30GPa).  (Image courtesy: Burchell M. J. et. al. (2004)) 
 
Figure 7.4: Growth of recovered yeast after spores were fired at several different 
velocities. (Image courtesy:  Price M. C. et. al. (2013)) 
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Fig 7.5: The lichen species Xanthoria elegans. (Image courtesy: lichen.com) 
 
These five species of extremophile will be used to compare against 
impact modelling, to determine what (if any) types of panspermia style 
impact scenarios they are capable of surviving. Table 7.1 below lists each of 
the species of micro-organism being considered, along with the maximum 
impact pressure that they have been shown to withstand and still survive. 
These can later be directly compared with the results of hydrocode models of 
hypervelocity impact simulations for a number of different panspermia style 
impact scenarios (based on the various species’ tolerance regime), to 
constrain the limits of survivability for these micro-organisms under the 
different conditions of each scenario. 
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Table 7.1: Showing the different micro-organisms used for comparison and their 
associated maximum pressures they have been shown to survive. 





0.6 Seki, K. et al. 1998 
Bacteria species     
bactillus subtilis 




30 Price, M. et al. 2013 
Phytoplankton species 
Nannochloropsis oculata 
40 Pasini, D. et al 2013b 
Lichen species 
Xanthoria elegans 
45 Horneck, G. et al. 2008 
 
7.3 Hydrocode Impact Models 
7.3.1 Shock Pressure Experienced During Impact   
Using Ansys’ AUTODYN software, a series of simulated impacts 
were modelled. As the hypothetical impacts being modelled have an axial 
symmetry in the direction of the impact, this can be used to greatly reduce the 
computational time need to run the simulations. The models were therefore 
created using a 2-D lagrangian mesh solver with axial symmetry. The 2-D 
lagrangian mesh solver effectively flattens the problem, and the axial 
symmetry allows the number of cells in the problem to be halved. For 
example, a spherical projectile is flattened to a circle and then halved to 
create a semi-circle, as the result will be identical for any halved cross-
sectional area that cuts through the entire axis of motion. 
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First a series of test models where created to identify the point on the 
projectile that experiences the lowest peak pressure during the impact. For a 
best case scenario it is assumed that organisms are spread across the whole 
projectile so that survival is constrained only by the lowest peak pressure 
experienced across the projectile. These simulations consisted of a spherical 
ice body projectile (modelled as liquid water for simplicity) impacting into 
either a large ocean, or a large rocky silicate body (see Fig. 7.6).  
 
 
Figure 7.6: Ansys AUTODYN simulation showing pressure contours for a 
spherical water ice projectile (with a radius of 200 m) impacting into an ocean at 1.5 
km s-1. (Image timesteps - 0, 97, 390, & 560 ms into run). 
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Glass is used to simulate the rocky silicate body, as work to validate a 
realistic basaltic analogue model has proved to be very difficult and was still 
ongoing when these models were being created. Silicate glass has many 
similar properties to basalt, such as material strength and density, two of the 
main factors considered in the calculations the model uses to simulate 
hypervelocity impact events. 
The target in the simulations will always be much larger than the 
projectile, as the target must remain intact in a panspermia style impact. If the 
target body was destroyed, there would be no celestial body left for life to 
survive and propagate on. Therefore, the shape of the target in these 
simulations remains the same for all instances, with only, composition of 
target, velocity of projectile, and size of both target and projectile (relative 
size between both remains constant), changing between different simulated 
impact scenarios.  
A target ‘ocean’ was created consisting of approximately 60,000 cells 
(300 high × 200 wide). This was deemed large enough to be considered 
“semi-infinite”. Then, a projectile was created consisting of approximately 
625 cells (a semi circle with a 20 cell radius). Throughout this projectile 37 
pressure tracking gauges were placed to record the pressures experienced by 
any micro-organism within the projectile during the impact event (see Fig. 
7.7). Velocity vectors were then added to each cell of the projectile in each 
model, and then the model was run. This allowed the relation between peak 
pressure at the ‘Optimal Point’ of the projectile, and the associated impact 
velocity of the model to be plotted graphically for analysis. 
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Figure 7.7: Simulated water ice impactor showing position of pressure tracking 
gauges. The impactor is travelling left to right onto a target on the extreme right (not 
shown). 
 
7.3.2 Size and Pressure Independence  
Once the ‘Optimal Point’ of lowest peak pressure experienced during 
the impact event was found, another series of tests were performed to 
confirm the independence of peak pressure during an impact event to the size 
of the event.  
Models with 23 different sized projectiles were created (with radii 
ranging from 0.01 m to 10,000 m). These were then simulated impacting into 
a target ocean to confirm that the peak pressure (at the same relative point in 
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the projectile – gauge Number. 10 at the very front of the target was 
arbitrarily chosen) does not depend on the size of the impactor. The 23 
different sized projectiles in the models were then each also tested at nine 
different impact velocities (0.25 – 5.0 km s-1). 
 
7.3.3 Impact Velocities 
The optimum situation for survival of any life-form during a 
panspermia style impact event will be when the impact velocity is as low as 
possible. The lowest velocity possible for a projectile impacting a larger 
celestial body (not accounting for other factors such as atmospheric drag) 
will be the case of a projectile passing near to a target body and being 
captured by the target body’s own gravity well, and entering into a freefall 
descent. In such a case, the impact velocity will be equal to the body’s local 
escape velocity. This is of course the ‘best case scenario’, and typical impact 
speeds on Solar System bodies will vary (see Zahnle, K. et al. 2003). The 
escape velocities used for all bodies considered here are the ‘best case 
scenario’ and thus lowest possible velocities that could be experienced, and 
were calculated via Eq. 7.1: 撃勅鎚頂 噺 ヂ岾態弔暢眺 峇    (Eq. 7.1) 
where G is the gravitational constant (m3 kg-1 s-2), and M and R are the target 
body’s mass (kg) and radius (m) respectively. 
 A number of different planetary bodies are considered for panspermia 
style impacts by the five species chosen for comparison. Table 7.2 gives a list 
of the bodies considered with their associated escape velocities, and thus best 
case scenario impact velocities. Also considered are two ‘Super-Earth’ 
exoplanets Gliese 581 d and g. Their composition is currently unknown, so 
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the cases for both an ice planet and a rocky planet are considered; see 
Chapter 8 Section 8.3.2 for determination of the planetary radii used to 
calculate the escape velocities for both compositional make ups. 
 
Table 7.2: Escape velocities for various planetary bodies considered during the 
hydrocode modelling. 










*Gliese 581d 19.5 
†Gliese 581d 22.0 
*Gliese 581g 13.9 
†Gliese 581g 16.1 
* = if a water/ice composition, † = if a rocky composition 
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7.4 Results of Impact Models 
7.4.1 Shock Pressure Experienced During Impact   
After 207 test simulations were completed (23 different sized 
projectiles, each of which was tested at nine different velocities), the 
‘Optimal Point’ of lowest peak pressure experienced during the impact event 
was found to be gauge Number 1 in every instance (see Fig. 7.8). Thus, it is 
the peak pressure values at this location on the projectile that represents the 
‘Best Case’ scenario for the survival of life-forms within the impactor. And, 
as one would expect, this is located at the very rear of the projectile. 
Therefore, all the peak pressure results for the impact scenarios that follow 
are from gauge Number 1 located at this ‘Optimal Point’.  
 
 
Figure 7.8: Spherical projectile model showing 37 gauges, with the ‘Optimal 
Point’ for survival (Gauge Number 1) highlighted, projectile is travelling towards 
target from left to right.   
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7.4.2 Size and Pressure Independence  
After the test simulations were completed the results showed that the 
peak pressure (for any one gauge) for each size projectile at the same velocity 
was the same value. When all 23 sizes of projectile were plotted against the 
nine different velocities the same independence of size was witnessed (see 
Table 7.3 and Fig. 7.9).  
 
Table 7.3: Showing the independence of size to peak pressures experienced during 
an impact for the same relative point on the projectile (results shown are for gauge 




Peak Pressure Experienced During Impact For 
Spherical Projectiles Of Different Radii (GPa) 
Time After 
Contact (ms) 
At 0.01 m At 1 m At 100 m At 10,000 m 
0.25 0.0674 0.0674 0.0674 0.0674 149 
0.50 0.2250 0.2250 0.2250 0.2250 100 
1.00 0.9727 0.9727 0.9727 0.9727 67.0 
1.50 2.0640 2.0640 2.0640 2.0640 52.0 
2.00 3.4550 3.4550 3.4550 3.4550 43.1 
2.50 5.1450 5.1450 5.1450 5.1450 37.2 
3.00 7.2310 7.2310 7.2310 7.2310 32.1 
4.00 12.905 12.905 12.905 12.905 25.8 
5.00 21.293 21.293 21.293 21.293 21.6 
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As the peak pressures xperienced during an impact event are shown 
to be independent of the size of the projectile; the size of the projectile is thus 
rendered irrelevant during the simulations (this was not unexpected, as the 
water and glass strength models do not have strain-rate dependence, and will 
therefore be size independent). Therefore all of the subsequent impact 
simulations need not consider different sized projectiles, so a 400 m diameter 
projectile is used. 
 
 
Figure 7.9: Impactor size versus peak shock pressure - for nine different impact 
velocities, showing that the peak impact pressure is independent of size. 
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7.4.3 Impacts into Rocky Bodies 
 A plot of the results for hypervelocity impacts across a range of 
velocities (0.25 – 15.5 km s-1), for an icy projectile impacting onto the 
surface of a rocky body yields the graph shown in Fig. 7.10.  
The results presented here only determine the peak pressure 
experienced by a life-form at the ‘Optimal Point’ in the projectile. However, 
rocky body impacts will also produce cratering and any life that survives will 




Figure 7.10: Results of simulated impacts of an icy projectile onto the surface of a 
rocky body, showing the impact velocity against the peak pressure experienced at 
the ‘Optimal Point’.  
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7.4.4. Impacts into Icy Bodies 
 A plot of the results for hypervelocity impacts across a range of 
velocities (0.25 – 20 km s-1), for an icy projectile impacting into an ocean 
yield the graph shown in Fig. 7.11. 
Both Fig. 7.10 and 7.11 show a deviation to an otherwise constant 
trend in the data at higher velocities (<14 km s-1 for rocky impacts, and <18 
km s-1 for oceanic impacts). There is potentially a numerical error 
propagating in the data at higher velocities, and this is addressed in Chapter 
8, Section 8.4. 
 
 
Figure 7.11: Results of simulated impacts of an icy projectile onto the surface of 
an ocean, showing the impact velocity against the peak pressure experienced at the 
‘Optimal Point’. 
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7.5 Conclusion  
 This chapter described five species of extremophile, and the impact 
induced pressures that they can survive. In order to compare these species to 
different impact scenarios, hydrocode models of various impact scenarios 
were created.  
Test models were created to find the optimum point of survival within 
a spherical impactor, and to test the independence of impact pressure to 
projectile size. The escape velocities and thus optimum impact velocities for 
a number of different planetary bodies were calculated, including two 
extrasolar planets Gliese 581 g and d. The results of the test models were 
then presented, and the optimum point for survival on a spherical impactor 
was determined to be at the rear of the impactor (but below the depth of any 
possible fusion crust formation). Further results showed the independence of 
impactor size to peak pressure experienced at a given location on the 
projectile, allowing a significant saving on computational runtime for 
different simulations.  
The results for a range of impact velocities (0.25 – 15.5 km s-1), on to 
a rocky body target were presented. Finally the results for a range of impact 
velocities (0.25 – 20 km s-1), onto an oceanic target were presented. The 
analysis of these results applied in relation to the five species chosen for 
comparison will be presented in the next chapter, with an in-depth discussion 








ANALYSIS AND DISCUSSION 
“I was its king once, a long time ago, when the great gods decided to send the 
Flood. Five gods decided, and they took an oath to keep the plan secret. Ea also, the 
cleverest of the gods, had taken the oath, but I heard him whisper the secret to the 
reed fence around my house. ‘Reed fence, reed fence, listen to my words. King of 
Shuruppak, quickly, quickly tear down your house and build a great ship, leave your 
possessions, save your life. The ship must be square, so that its length equals its 
width. Build a roof over it, just as the Great Deep is covered by the earth. Then 
gather and take aboard the ship examples of every living creature.” 
Excerpt from ‘The Epic of Gilgamesh’ 
 
8.1 Introduction 
Following on from the two experimental investigations (of 
phytoplankton and tardigrades), and the selection of three other species of 
extremophile for consideration in creating hydrocode models of different 
panspermia style scenarios, a comparison of these five species to the results 
of these models are presented with detailed in-depth analysis and discussion 
of the implications. This analysis will be conducted with the different 
extremophile species. Various simulated impact regimes are presented to 
show which scenarios are conducive to the panspermia hypothesis – the 
natural transfer of life (via an icy body) through space to an extraterrestrial 
environment. Analyses for both local Solar System transfers, as well as 
interstellar transfers are presented. Potential numerical errors within the 
hydrocode models are then discussed, and further speculation of the data is 
considered. Other factors, such as cratering in rocky impacts are discussed, 
and intriguing life-seeding scenarios are considered. Finally concluding 
remarks are passed. 
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8.2 Panspermia: Best Case Scenario 
Based on the work so far, the ‘Best Case’ scenario would thus be: 
1) A projectile laden with life that was ejected into space from its 
parent body via spallation effects, some distance from the main 
impact site, ensuring a higher probability of survival for any life-
forms present. 
2) An icy projectile with life-forms evenly distributed throughout (or 
at least some micro-rganisms residing at the ‘Optimal Point’ within 
the projectile). 
3) A projectile that is large enough that any organisms within are well 
protected against prolonged exposure to the radiation environment of 
space. 
4) A projectile that is on an optimal transfer path between celestial 
bodies to minimise as much as possible the time frozen, and the 
exposure to space. 
5) A projectile that is also large enough that if any atmosphere is 
encountered upon arrival, the following are true: a) thermal heating 
caused by the atmosphere will not destroy it, b) a fusion crust is able 
to form, protecting any life-forms within from potentially sterilising 
high temperatures, c) the velocity is reduced via the drag force felt 
whilst travelling through the atmosphere. 
6) An impact velocity that is equal to the local escape velocity of the 
body onto which the projectile is impacting (or potentially lower still 
if any atmosphere is present to cause drag effects). 
It is with the assumption that all of these conditions are fulfilled, that the 
following analysis is presented as the ‘Best Case Scenario’ for each of the 
scenarios considered. 
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8.3 Panspermia Scenarios 
Table 8.1 below shows a variety of target bodies and the different 
species that could survive impact onto them.  
Table 8.1: Maximum pressures, and the associated species survival for 































Enceladus 0.25 7.53 TBYLP 11.15 TBYLP 
Ceres 0.51 17.25 TBYLP 34.20 TBYLP 
Pluto 1.27 142.2 TBYLP 312.8 TBYLP 
Europa 2.02 342.7 TBYLP 787.7 T*BYLP 
The Moon 2.38 459.0 TBYLP 1113 BYLP 
Titan 2.65 552.0 TBYLP 1368 BYLP 
Mercury 4.25 1428 BYPL 3161 BYLP 
Mars 5.02 2001 BYPL 4105 BYLP 
Earth 11.2 9632 BYPL 15180 BYLP 
*GJ 581d 19.5 23200 BYPL N/A N/A 
†GJ 581d 22.0 N/A N/A 63180 None 
*GJ 581g 13.9 14560 BYPL N/A N/A 
†GJ 581g 16.1 N/A N/A 51041 None 
GJ = Gliese, * = if a water/ice composition, † = if a rocky composition.  Op.P. = 
‘Optimal Point’, T = Tardigrade, B = Bacteria, Y = Yeast, P = Phytoplankton, L = 
Lichen, and T* = Possible T survival if population is suitably large enough and/or 
atmospheric drag effects reduce the projectile’s velocity. 
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A plot of the results for hypervelocity impacts across a range of 
velocities (0.25 – 15.5 km s-1), for an icy projectile impacting onto the 
surface of a rocky body in Fig. 8.1, shows that tardigrades cannot survive 
impact velocities higher than ~2 km s-1, bacteria and yeast can survive impact 
velocities up to 15.25 km s-1, and phytoplankton and lichen can survive up to 
and, possibly, just beyond 15.5 km s-1.   
 
Figure 8.1: Results of simulated impacts of an icy projectile onto the surface of a 
rocky body, showing the impact velocity against the peak pressure experienced at 
the ‘Optimal Point’. The maximum survival tolerances for this scenario are 
highlighted, showing that tardigrades cannot survive impact velocities higher than 2 
km s-1, Bacteria and yeast can survive impact velocities up to 15.25 km s-1, and 
Phytoplankton and Lichen can survive up to and possibly just beyond 15.5 km s-1.   
 
A plot of the results for hypervelocity impacts across a range of 
velocities (0.25 – 20 km s-1), for an icy projectile impacting onto the surface 
of an ocean shown in Fig. 8.2, shows that tardigrades cannot survive impact 
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velocities higher than ~3 km s-1, Bacteria and yeast can survive impact 
velocities up to 19 km s-1, and Phytoplankton and Lichen can survive up to 
and possibly just beyond 19.5 km s-1.   
 
Figure 8.2: Results of simulated impacts of an icy projectile onto the surface of an 
ocean, showing the impact velocity against the peak pressure experienced at the 
‘Optimal Point’. The maximum survival tolerances for this scenario are highlighted, 
showing that tardigrades cannot survive impact velocities higher than 3 km s-1, 
bacteria and yeast can survive impact velocities up to 19 km s-1, and phytoplankton 
and lichen can survive up to and possibly just beyond 19.5 km s-1.   
 
8.3.1. Survival within the Solar System  
The results presented here indicate that the tardigrade species could 
only survive oceanic and rocky impacts up to 3, and 2 km s-1 re pectively 
(Fig. 8.1 and 8.2). Therefore, survival of panspermia style impacts can occur 
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on bodies such as Enceladus, Ceres (and all other asteroids within our Solar 
System), Pluto (and similar-sized, or smaller, Kuiper Belt Objects), Europa, 
as well as any bodies that are similar to the Moon or Titan and have 
substantial liquid bodies on their surfaces. However, the other four organisms 
considered here (bacteria, yeast, phytoplankton, and lichen) show that 
survival of panspermia style impacts can occur anywhere within the Solar 
System, with the exception of the four outer Solar System gas planets.  
 
8.3.2 Extrasolar Planetary Impact Events 
Two Super-Earth exoplanets, Gliese 581d and Gliese 581g, are 
included in this analysis. However, doubt has recently been cast on the 
existence of these two exoplanets. Roberson, P. et al., (2014), suggest that it 
is actually stellar activity that is seen in the data, and that the data has not 
been corrected to account for this. However, Guillem, A. et al., (2015) 
questioned the methods used to challenge the planets’ existence, insisting that 
using a more accurate model, they are confident that the signals seen in the 
data are indeed real, despite stellar variability. Regardless of whether these 
two exoplanets exist or not, they can be used in this analysis as analogues for 
exoplanets of similar size and mass, existing within the habitable zone around 
their parent star. 
If  these two exoplanets are homogeneous, and composed primarily of 
the perovskite phase of MgSiO3 (Earth-like), then the radii of Gliese 581d 
and Gliese 581g are expected to be 1.8 and 1.5 Earth radii respectively, or 2.3 
and 2.0 Earth radii, if water-ice (Wordsworth, R. et al., 2011, and Vogt, S. et 
al., 2010). However, all  radii are predicted to be approximately 20% smaller 
if the planet is differentiated (Wordsworth, R. et al., 2011). The optimal case 
is considered here, e.g. these, or similar sized planets, are found to be orbiting 
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within the habitable zone of their parent star, and thus have the potential for 
liquid water on their surfaces (see Fig. 8.3). 
 
 
Figure 8.3: The orbits of planets in the Gliese 581 system compared to those of our 
Solar System. The star Gliese 581 is approximately 0.3 solar masses, and the fourth 
planet, Gliese 581g, is a planet that orbits within the habitable zone and could 
potentially sustain life. Image Courtesy: Zina Deretsky, National Science 
Foundation 
 
With the exception of the tardigrade species, survival is still possible 
by all of the species considered here, during impacts onto Super-Earths 
beyond our Solar System (of these or similar proportions) composed of 
water/ice. However, survival appears to be non-viable for these rocky Super-
Earths (or those of similar proportions) without some way of reducing the 
peak shock pressure, such as atmospheric drag forces lowering the impactor’s 
speed significantly to within tolerable levels and/or impacts at very oblique 
angles.  
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Extending Table 8.1 to include two additional Super-Earth exoplanet 
candidates, KoI82.02 and KoI115.02 (see Table 8.2) yields intriguing results. 
 
Table 8.2: An extension of Table 8.1 including two new Super-Earth candidate 
exoplanets. KoI 82.02 shows survival of 4 species in both the Europa-like case, and 































*GJ 581d 19.5 23220 BYPL N/A N/A 
†GJ 581d 22.0 N/A None 63180 None 
*GJ 581g 13.9 14557 BYPL N/A N/A 
†GJ 581g 16.1 ~20000¥ BYPL 51041 None 
*KoI82.02 13.9 14557 BYPL N/A N/A 
†KoI82.02 15.4 ~18000¥ BYPL 24656 BYPL 
*KoI115.02 14.6 16043 BYPL N/A N/A 
†KoI115.02 16.1 ~20000¥ BYPL 51041 None 
GJ = Gliese, KoI = Kepler Object of Interest, * = if a water/ice composition, † = if a 
rocky composition.  Op.P. = ‘Optimal Point’, B = Bacteria, Y = Yeast, P = 
Phytoplankton, L = Lichen. ¥ = Approximate value based on trend of Fig 8.2 for 
a scenario such that an ocean exists on the rocky planet. 
 
If these additional two exoplanets are homogeneous, and primarily 
composed of the perovskite phase of MgSiO3 (Earth-like), then the radii of 
both KoI82.02 and KoI115.02 are expected to be 1.4 Earth radii, or if 
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Europa-like, then 1.7 and 1.8 Earth radii respectively (Hadden, S. and 
Lithwick, Y. 2014). Again, all radii are predicted to be 20% smaller if the 
planet is differentiated (Wordsworth, R. et al., 2011). 
The analysis of these two new exoplanets shows that survival by the 
same four species is attainable on both of the Europa-like exoplanets (as it 
was for the water/ice exoplanets Gliese 581 d and g). However, now a rocky 
Earth-like exoplanet (KoI82.02) shows the survival of the same four species, 
although a rocky KoI115.02 is still beyond the survival tolerance of all 
species considered. A difference in size of just 0.1 Earth radius, between 
Gliese 581g and KoI82.02 changes the escape velocity from 16.1 to 15.4 km 
s-1 bringing the rocky KoI82.02 Super-Earth within the survival window for 
the various species considered here (with the exception of the tardigrade). 
There are, however, other factors to account for when debating the possibility 
of interstellar panspermia. 
When considering panspermia between two solar systems, the vast 
distance between them becomes a larger issue, as the time to cross interstellar 
space (as opposed to the distance between two planets in the same system) 
for a body carrying life-forms will be greatly increased. For example, taking 
a projectile travelling at an impact velocity just within the tolerance of 
survival for phytoplankton and lichen (if an atmosphere is present on the 
body they are impacting onto) – 20 km s-1 (630.72 million km per year) –
from the Earth, it would take 62,790 years to reach even the closest star to 
our sun, Proxima Centauri, at 4.2 light years distant. When comparing this to 
the Hohmann transfer orbit times (see Table 3.2 in Chapter 3) for optimum 
journeys through our Solar System, the vast difference can be seen when 
considering 62,790 years is just the time to reach Proxima Centuari, and there 
would likely be similar timescales to the Hohmann transfer orbit times in the 
most optimistic case (or more, if the orbit is not in the plane of the system) 
for the projectile, once gravitationally bound to the star system, before it 
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eventually encounters a planet in that system. However, 62,790 years is far 
less than the average (non optimal) transfer time between planets within the 
Solar System, and thus, although similar timescales to the average transfer 
between planets will still apply at the destination star system, the travel time 
between these two systems will not add much increase to the total time 
between ejection from Earth to impact onto a planet in the Proxima Centuari 
star system. The interstellar journey will of course start to significantly add to 
the transfer time when the distances between two star systems begin to 
increase. 
If the Gliese 581 star system (approximately 20 light years distant) is 
considered, then a projectile travelling at 20 km s-1 would take approximately 
299,000 years to reach that system from the Earth. Going further into the 
galaxy, the distances become so vast that transfers between star systems 
begin to enter the regime of ‘millions of years’. So, the question becomes, 
can life-forms survive such timescales?  
In 2000, Vreeland, R. et al., announced they had successfully revived 
from a state of suspended animation, a previously unrecognized spore-
forming bacterium (Bacillus species, designated 2-9-3) from a brine inclusion 
within a 250 million year old salt crystal, from the Permian Salado Formation 
(breaking the previous record of a bacterial spore most closely related to 
Bactillus sphaericus, that was revived from the abdominal contents of extinct 
bees, preserved in amber for 25 – 40 million years (Cano, R. and Borucki, M. 
1995). Complete gene sequences of the 16S ribosomal DNA show that this 
organism is part of the lineage of Bacillus marismortui and Virgibacillus 
pantothenticus (Vreeland, R. et al., 2000). If this organism is capable of 
surviving similar pressure extremes as its relative (Bacillus subtilis), then 
interstellar panspermia becomes a possibility. This 250 million year timescale 
is of the same order of magnitude as for the time it takes the entire Milky 
Way galaxy to fully rotate around its centre. Using recently determined 
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values of our sun’s position from the Milky Way’s galactic centre (8 kpc) and 
its orbital velocity around that centre (238 km s-1; Honma, M. et al. 2012, 
2015), the rotational period of the Milky Way is calculated to be 
approximately 205 million years (Sofue, Y. 2017). Any such bacteria in a 
projectile travelling at 20 km s-1, would be able to traverse 16,722.4 light 
years in that revival window of 250 million years; just over a third of the 
distance of the Milky Way’s radius! (See Fig. 8.4).  
 
 
Figure 8.4: Artist’s impression of the Milky Way galaxy, the position of our sun is 
highlighted. Superimposed on this image are the radii showing how far a projectile 
from our Solar System travelling at 20 km s-1 could travel in 250 and 500 million 
years.  Original image courtesy: Nasa  
Chapter 8: Analysis and Discussion 
199 
 
Valtonen, M. et al., (2009) has shown that D. radiodurans-like 
bacteria can survive the radiation environment of interstellar space for up to 
500 million years if suitably housed within a group of ejecta fragments that 
have individual minimum radii of 2.67 m. As the bacteria previously 
discussed were fully revived after 250 million years in suspended animation, 
there is no reason to assume this suspended animation stage could not have 
lasted even longer, had they not been found and revived when they were. So, 
if they are capable of surviving another 250 million years in such a state, this 
means there would be no reason they could not potentially travel upwards of 
33,000 light years within the galaxy and still survive the cosmic radiation, 
and impact, and be revived to an active state on a far distant planet elsewhere 
in the galaxy (see Fig. 8.4). 
So, what about intergalactic panspermia? Looking at our nearest 
galactic neighbours (ignoring Canis Major Dwarf galaxy at ~25,000 light 
years from Earth (Lewis, G. et al., 2004) – closer to us than our own galactic 
centre, and whose status as a galaxy is still in dispute), the nearest galaxy is a 
small satellite galaxy; the Sagittarius Dwarf Spheroidal Galaxy, 
approximately ~81,000 light years from Earth (Karachentsev, I. 2004). The 
nearest large galaxy to us (indeed the largest in the local group) is the 
Andromeda Galaxy (M31) located ~2.56 million light years from Earth 
(McConnachie, A. et al., 2005), and  heading towards us on a collision course 
(which will not occur for over a billion years or so yet). A projectile 
travelling at 20 km s-1 would take approximately 1.21 billion years to reach 
out nearest galactic neighbour, the Sagittarius Dwarf Spheroidal Galaxy. The 
same projectile would take approximately 38.3 billion years to reach the 
Andromeda Galaxy, almost three times the age of the universe itself; indeed, 
the Andromeda Galaxy will reach us and collide with our own Milky Way 
Galaxy long before then. So far, no life has ever been found in suspended 
animation and revived from such a long time ago as this (indeed the universe 
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is not old enough for the higher of the two timescales!). This does not mean 
such life does not exist, indeed, it may be that there are extremophiles already 
discovered and analysed that may be capable of surviving such timescales. 
For now, with current discoveries, it cannot be said whether such a trip would 
be survivable, or not, by any life-form. So, while intergalactic panspermia is 
considered (virtually) impossible, interstellar panspermia may be possible for 
some extremely hardy micro-organisms.  
 
8.4 AUTODYN: Numerical Error Propagation 
Further analysis to the impact simulations (continuing impact 
velocities up to 38 km s-1) has shown the introduction of a numerical error 
propagating through the data (see Fig. 8.5). This means the slight deviation 
seen in the plots in Figs. 7.10, 7.11, 8.1, and 8.2, may be due to this 
numerical error, and thus not correct. The error appears to be a sinusoidal 
pattern overlaid onto otherwise valid data. It is possible that this was caused 
by numerical erosion of heavily distorted cells (which can happen with high 
speeds). A solution to this may possibly be to run the model at a much higher 
resolution. However, time constraints meant this was not able to be done at 
the time. 
To explore into the higher velocity regime a small extrapolation of the 
data before the problem occurs is considered; enough to conjecture further on 
the limits of survival already considered.  
 




Figure 8.5: Results of simulated impacts of an icy projectile onto the surface of 
rocky body (Top) and an ocean (Bottom), showing the impact velocity against the 
peak pressure experienced at the ‘Optimal Point’. Notice the introduction of a 
numerical (sinusoidal-like) error at ~14–15 km s-1 (Top) and ~18 km s-1 (Bottom) 
and propagating through the higher velocity data.   
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Figs. 8.6 and 8.7 show these extrapolated trends and the points at 
which some species impact velocity survival range has increased. 
 
Figure 8.6: Results of simulated impacts of an icy projectile onto the surface of an 
ocean, showing the impact velocity against the peak pressure experienced at the 
‘Optimal Point’, with new trend showing survival could be achieved at higher 
impact velocities than previously shown. This new trend suggests bacteria and yeast 
could survive impacts up to 20 km s-1, phytoplankton could survive impacts up to 23 
km s-1, and lichen could survive impacts up to 24.5 km s-1. 
 
With these new trend lines it is suggested that survival could occur at 
even higher impact velocities than previously suggested. For the case of an 
icy projectile impacting into an ocean the suggestion is that bacteria and yeast 
could survive impact velocities up to 20 km s-1 (previously 19.5 km s-1), 
phytoplankton could survive impact velocities up to 23 km s-1 (previously 
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19.5 km s-1), and lichen could potentially survive impact velocities up to 24.5 
km s-1 (previously 19.5 km s-1). This implies that even larger icy/ocean 




Figure 8.7: Results of simulated impacts of an icy projectile onto the surface of a 
rocky body, showing the impact velocity against the peak pressure experienced at 
the ‘Optimal Point’, with new trend showing survival could be achieved at higher 
impact velocities than previously shown. This new trend suggests bacteria and yeast 
could survive impacts up to 16.5 km s-1, phytoplankton could survive impacts up to 
17 km s-1, and lichen could survive impacts up to 18 km s-1. This implies that 
survival may be possible on the previously unattainable rocky planets KoI115.02, 
and Gliese 581g. 
 
The new trend line for the case of an icy projectile impacting onto a 
rocky body suggest that bacteria and yeast could survive impact velocities up 
to 16.5 km s-1 (previously 15.25 km s-1), phytoplankton and lichen could 
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survive impact velocities up to 19.5 km s-1, and 20 km s-1 respectively (both 
previously 15.5 km s-1). This implies that like KoI82.02, the rocky forms of 
exoplanets KoI115.02, and Gliese 581g could actually be within survival 
ranges for bacteria, yeast, phytoplankton and lichen, although a rocky Gliese 
581d still remains out of reach. 
 
8.5 Impact Cratering at Destination 
 As discussed in Chapter 3, Section 3.4.1, when hypervelocity impacts 
occur onto solid bodies (e.g. a rocky or icy planet), craters are formed. This 
cratering process can affect any life that has managed to survive thus far in its 
journey to a new world. The vaporisation effects that can accompany larger 
scale impact events would need to be avoided by any life-form arriving on 
the impacting projectile. This could occur several ways. The impacting 
projectile could break up due to drag forces and/or thermal stresses during 
entry to the target body’s atmosphere. The resulting multiple impacts will be 
on much smaller scales, and thus the time for impact generated temperatures 
to drop within tolerable levels, will be reduced – for life to survive they 
would have to reduce fast enough that any transfer of heat energy is not 
sterilising. The projectile could also impact at an oblique angle such that 
some of the projectile is thrown as ejecta away from the main impact site, 
thus impacting with less force elsewhere.  
If the impact is large and any companion life-forms do manage to 
escape the vaporisation at the impact site as ejecta, only those thrown far 
enough away from the main impact site will stand a chance of survival, as 
large impacts can produce extremely high temperatures remaining in the 
crater for long periods of time (Weiss, D. et al., 2016, and Abramov, O. et al., 
2016) before they cool enough for life to survive. Any life-forms in ejecta 
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that falls back into such a crater would then have to contend with these long 
duration high temperatures.  
If the impact is such that the temperature in the crater returns to 
tolerable levels before any life falls back into the crater, another potential risk 
they face is that material can bury them, either the ejecta or collapsing 
structures within the crater. Whist some organisms can survive beneath, or 
within, rocks, and could thrive, other organisms, like photosynthetic life-
forms, would not likely survive such entombment.  
 If any life does manage to survive the panspermia process and make it 
to a new world alive, there is still one final obstacle the process could deliver; 
any impact that initiates changes to the local or global environment such that 
the newly transported life could not survive, thus dying out almost 
immediately. Impacts that cause a rupture to magma pockets within thin 
planetary crusts, or initiate extreme volcanism (Werner, S. et al., 2016), or fill 
the atmosphere with material such that the heating from the parent star is 
reduced to non habitable levels; the latter may only be a temporary effect and 
any life that survived frozen in space may still later recover again if the 
planet later returned to habitable conditions again. 
 
8.6 A Cosmic Noah’s Ark 
 While considering different panspermia style scenarios, there is 
another case to consider – the Noah’s ark scenario. Suppose a large 
impacting body, such as an asteroid or comet, hits a planet that houses life, 
(similar to the impact that created the Chicxulub crater buried beneath the 
Yucatan peninsula and initiated the Cretaceous–Tertiary ‘K–T’ extinction 
event (Alvarez, L. et al., 1980), around 65 million years ago (Swisher, C. et 
al., 1992)). Suppose this impact causes the onset of an extinction level event 
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that eventually sterilises the planet of life. The impact itself may, through 
spallation effects, lift life-forms, with rocks, dust, and water/ice, into space 
protecting them from the extinction event in progress on their home world. 
With sufficient time the planet may recover, conditions may once again be 
conducive to life, but the planet is barren. Material laden with dormant life, 
drifting in space for hundreds, thousands, or even millions of years, could 
pass by the parent planet close enough to get caught in its gravity well, and 
then fall to the planet. Any surviving life-forms would therefore re-seed the 
planet with life, allowing it to begin growing and evolving once again. Or, 
the material could impact onto a different planet in the star system; it could 
even be ejected from the star system altogether, and eventually land on a 
planet elsewhere in the galaxy, seeding a new planet with life.  
   
8.7 Are We All Martians? 
A final question on the panspermia hypothesis relating to our own 
species; are we all Martians? Once it was an outlandish idea whose answer 
was a clear ‘no’, and the door for debate firmly closed. However, the 
question now seems thrown open for debate once again. The research shown 
here throughout this thesis obviously cannot answer this question (indeed it 
may never be answered), but it can place a foot in the doorway leaving it 
once again open for some serious debate. Panspermia style impacts can 
happen, and some life-forms can survive them. So, while this research cannot 
definitively answer the question of whether panspermia has occurred on our 
world (or any other), it does show that panspermia could happen, and should 
therefore be seriously considered in any debate about the origins of life on 
our planet, or indeed any other planet, should we happen upon life elsewhere 
in the universe in the future; after all, we may just be related!    
Chapter 8: Analysis and Discussion 
207 
 
So, with evidence that early Mars may have been better suited for the 
genesis of life than the Earth (see Chapter 3, Section 3.2), a host of Martian 
meteorites are known to have landed on the Earth, as well as, suggestions of 
micro-fossils in such meteorites, and the Late Heavy Bombardment 
increasing the probability of an optimal Hohmann style transfer path for 
material travelling from Mars to Earth, such that multiple optimal impacts 
could have occurred, right at the time in history when the first evidence for 
life on Earth is seen, a passing remark is offered.     
One line of thought is that, if the conditions for the genesis of life to 
occur are present (and they were, somewhere – or life would not exist), 
would it not occur repeatedly? It could be argued that it would be unlikely 
that it only occurred once, if the conditions were indeed conducive to it 
forming at all. So, why is it that all life on Earth appears to have originated 
from a single source? One answer to this, of course, is that life did not 
originate on the Earth. If it originated elsewhere, Mars for example, then it 
may well have occurred multiple times with many different unrelated basic 
organisms that had completely unrelated RNA and DNA sequences to one 
another. A giant impact occurs, launching some of this life into space. Some 
of this life travels to the Earth, and some of it survives an impact into the 
planet’s surface, and one strain survives, and thrives on the new world. While 
the conditions are fine for the organism to survive and prosper, they are not 
right for a genesis of new life to occur, and thus all life on the planet that 
follows has evolved from this one source, and it is all related, as it shares a 
common DNA source and has a linked genealogical history. Just as we see on 
the Earth today. 
So, could we really be Martians? Another answer to the singularity of 
life’s origin on Earth is that a Noah’s ark style event occurred early in the 
Earth’s history, with just a single species re-seeding the planet. Worth, R. et 
al. (2013) suggest that this would be a possible mechanism to aid the survival 
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of early life on Earth during the cataclysmic period of the Late Heavy 
Bombardment, where it is plausible that the Earth could have been partially 
or completely sterilised by one or more large impacts. So, for now it seems, 
the question remains open. However, one thing is certain, and that, is that the 
panspermia debate is a serious one, and is not going anywhere, anytime soon. 
So, with that in mind maybe it is time to try to quantify panspermia as a 
whole, or at least provide a method for that quantification in the form of an 
equation. 
 
8.8 An Equation for Panspermia 
An equation for the probability of life being transferred from one 
planet to another could be formulated to analyse the probability of life 
arriving from another world (Eq. 8.1). However, much like the 1961 Drake 
Equation (Drake, F. 1961.; Drake, F. 1962.; and see Burchell, M. 2006. for a 
recent review) for the existence of intelligent life in the universe, it will rely 
on some terms which are currently unknown. 鶏椎 噺 罫鎮 抜 詣鎚 抜 繋追 抜 継捗 抜 劇椎 抜警捗 抜 系椎 抜 鯨鎮 (Eq. 8.1) 
where Pp is the number of potentially successful transfers of life (from 
impacts originating during Tp), Gl is probability for a genesis-of-life event, Ls 
is percentage of the planet’s surface covered with life, Fr is the flux rate of 
impacts (average number per year during Tp), Ef is the fraction of Fr that 
could result in material being lifted into space escaping the planet’s gravity, 
Tp is the time period since the genesis-of-life event (or depends on conditions 
set for analysis), Mf is the average number of fragments of material from each 
impact, Cp is the probability of entering a planet crossing path, Sl is the 
survival of life during the transfer (depending on Se, s, Si, and Cl – see 
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below), Se is the survival fraction of life during the impact/spallation lift to 
space, Ss is the survival fraction of life during extended exposure to space, Si 
is the survival fraction of life during the impact seeding event, Cl is the 
average number of organisms per fragment lifted to space. Sl is determined 
as: 鯨鎮 噺 な 件血  怠聴賑抜聴濡抜聴日   伴 系鎮           (Eq. 8.2) 鯨鎮 噺 ど 件血  怠聴賑抜聴濡抜聴日   隼 系鎮           (Eq. 8.3) 
The first term, Gl, would require an understanding of the conditions 
needed for life to form, this is something that is still being debated, and no 
definitive answer has yet been proven. However, to discuss whether life 
could arrive from a planet (such as Mars for example) it must first be 
assumed that life had a genesis otherwise there could be no transfer, so for 
such a case, the condition Gl = 1 could be set, if life is assumed to have been 
present on the parent planet. 
The second term, Ls, is related to the probability of life being at an 
impact site. For a best case scenario it would be assumed that life has spread 
across the planet and life is found at all points on, or just beneath, the surface 
(be it ocean surface or rocky surface). Therefore Ls = 1 would be assumed. A 
more conservative approach that assumes only 10% of the surface has life (Ls 
= 0.1) may be more realistic, and if looking at a small time window close to 
the genesis-of-life, and life has not had time to spread far, this term may be 
much smaller, as life may be contained within small ‘life-friendly’ niche 
environments (Ls < 0.01). 
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The third term, Fr, is the flux rate of impacts over the time period, Tp, 
being considered. This will change depending on when Tp is, therefore, these 
two terms are linked and must be considered together. 
The fourth term, Ef, is the fraction of Fr capable of lifting material 
into space, thus Fr × Ef will give the flux rate of impactors that can eject 
material into space beyond the parent planet’s gravity well.   
The fifth term, Tp, is the period of time being considered. Normally 
this would be from the first point at which life could have formed (but it 
could start from any time after this depending on what is being analysed). 
The end point also depends on what is being analysed. If looking at the 
probability of any transfer at all in the past then Tp ~ 4.5 billion years. 
However, if looking at the origin of life on Earth, then it is until the first 
evidence of life on Earth 3.8 billion years ago, i.e. Tp = 4.5 – 3.8 billion years 
= 700 million years. Fr must be considered in relation to Tp as this 700 
million year period contained the Late Heavy Bombardment that lasted 300 
million years, and will have a much higher Fr than the 700 million year 
period from 700 million years ago until now for example. 
The sixth term, Mf, is the average number of individual fragments any 
single impact that is capable of lifting material to space will produce, as each 
fragment is a potential meteorite capable of carrying life to another world. 
The seventh term, Cp, is the probability of any fragment eventually 
ending up on a trajectory that crosses the path of a planet such that impact 
onto that planet occurs. 
The eighth term, Sl, is simply a yes or no term to determine if life 
could survive the process based on how much life is aboard a potential 
meteorite. This term is somewhat subjective as, in reality, it will depend on 
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the concentration of life at any given impact point. However, for any 
potential transfer to be successful the condition for Sl = 1 must be fulfilled.  
The terms Se, Ss, and Si can be determined experimentally for known 
organisms, and the term Cl can be approximated with impact simulations 
based on known concentrations of organisms on our own planet. However, 
these values will only be true for any organism that is being tested, when 
considering seeding from another world with an unknown life-form these 
terms cannot be correctly estimated.   
One further point to consider here, is that even if a successful transfer 
of life occurs, this in no way guarantees that the successful life-forms will be 
successful in living on their new world. If the conditions on the new world do 
not allow those life-forms to survive, then they will die out despite having 
survived the panspermia process. This has implications for any fossilised life 
that may be found in the search for extra-terrestrial life on other planets.  
Impacts occur regularly and material is lifted into space from impacts 
on bodies across the Solar System all the time, and a lot of this material is 
transferred to other bodies. As this work has shown, there are species capable 
of surviving the various stages of the journey between bodies. So, it may well 
be that successful transfers occur with some frequency, but the life-forms that 
make the trip simply cannot adapt to and survive the conditions of their new 
environment, which is why we do not see an obvious abundance of life 
within the Solar System. If any future exploratory missions on other 
planetary bodies were to discover rocks or cratering that suggests an impact 
was from material thrown from the Earth at some point in the past, then it 
may be worth exploring that same area for micro-fossils that could prove that 
panspermia really does happen.   
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8.9 The Case for Mars 
So, could life on Earth have really been seeded from Mars in the 
ancient past? The following analysis attempts to determine whether it may 
have been possible (with the assumption that Mars had a genesis-of-life 
event, and the Earth did not), and, if so, at what frequency. The analysis that 
follows here uses some known figures, as well as some assumptions, and is 
thus merely conjecture, to give an idea of the possibilities. 
Assuming in the first instance that life did start on Mars shortly after 
the Solar System formed, thus setting Gl = 1, then, assuming 1% coverage of 
the surface with life, i.e. Ls = 1.0 × 10
-2. The current impact rate on Mars 
today is 5.23 × 10-14 km2 s-1 for impacts causing craters with effective 
diameters ≥3.9 m (Daubar, I. et al. 2013). The surface area of Mars is 1.448 × 
108 km2 (Seidelmann, P. et al., 2007), and this gives Fr = 2.39 × 10
2 impacts 
per year for today. During the 300 million years of the Late Heavy 
Bombardment this rate was approximately ~250 times today’s rate (Fassett, 
C. I. and Head, J. W. 2011). So, for Tp = 7.0 × 10
8 years (including the Late 
Heavy Bombardment), Fr = 2.57 × 10
4 per year. Therefore, the number of 
impacts producing craters with diameters ≥3.9 m, during the 700 million year 
period 4.5 – 3.8 billion years ago (including the Late Heavy Bombardment), 
is Fr × Tp = 1.80 × 10
13. Assuming a conservative 1 in 10,000 of these eject 
material into space beyond Mars’ gravity, i.e. Ef = 1.0 × 10-5, then, Fr × Tp × 
Ef = 1.80 × 10
8 impacts capable of lifting material to space. 
So, now adding in Gl and Ls the equation becomes Gl × Ls × Fr × Tp × 
Ef = 1.80 × 10
6 impacts that could have lifted life into space. The Mf term 
could be ~ millions, or even billions, but here a hugely conservative 1000 is 
assumed. So, for Gl × Ls × Fr × Tp × Ef × Mf we find that there were 1.80 × 10
9 
rocks with life ejected into space during the period 4.5 – 3.8 billion years 
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ago, most of which were due to the Late Heavy Bombardment - but how 
many of these make it to the Earth?  
As seen in Chapter 3, Section 5.5, Melosh, H. and Tonks, W. (1993) 
determined that 20% of all ejecta from Mars will fall to the Earth (usually 
within 15 million years of the impact that lifted it (Wetherill, G. 1984), 
therefore, Cp = 0.2. 
This gives Pp = 3.6 × 10
8 × Sl. That is 3.6 × 10
8 Martian meteorite 
impacts onto the Earth capable of delivering life before or during the Late 
Heavy Bombardment, and thus before the first documented life on Earth 
around 3.8 billion years ago. 
So, as long as Sl is successfully fulfilled (i.e. the concentration of life 
at the initial impact site was high enough that the Cl term is sufficiently large 
for Sl = 1), then there could have been 3.6 × 10
8 instances of life successfully 
arriving on Earth before 3.8 billion years ago. That is equivalent to one 
impact every two years, for 700 million years, or one impact every year 
during the Late Heavy Bombardment, as this is when most impacts would 
have occurred. Only one of these life-seeding impacts needed to have life that 
survived the conditions of the early Earth and thrive, for that life to become 
the diversity of life that is seen today.    
This is of course pure conjecture, based on an assumption of a 
genesis-of-life event on early Mars. However, this does highlight the fact that 
panspermia needs to be considered in all discussions of life on other worlds, 
and the origin of life on Earth. The terms of these equations (equations 8.1, 
8.2, and 8.3) need to be determined with high accuracy experimentally where 
possible, and theoretically where not. Like the Drake Equation, this cannot 
answer the question definitively (only a physical discovery can do that), but it 
can show us the possibilities for different planetary bodies, and different 
types of organisms, for different periods of time. These possibilities can help 
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point future researchers in the right direction of where to look for the best 
chance of finding any life that may have been transferred if the panspermia 
hypothesis is correct. 
 
8.10 Conclusion 
This chapter described the best case conditions for survival of a 
panspermia style impact event, and then presented an analysis of hydrocode 
modelling in relation to five species of extremophile. It was shown that 
tardigrades can survive impact scenarios onto the surface of small moons and 
asteroids within the Solar System and possibly beyond it, and that the other 
four species could all survive impacts on to all bodies in the Solar System, 
with the exception of the outer gas planets. It was also shown that some icy 
and rocky Super-Earth exoplanets are with the range of survival for the same 
four species. Analysis of travel time and protection from the interstellar 
environment showed that some bacteria could survive interstellar panspermia 
journeys up to 16,000 light years. Such life could still be protected from the 
interstellar environment for possibly up to 33,000 light years of travel, so if 
revival was still attainable after 500 million years, this distance would also be 
viable. However, natural intergalactic transfers appear to be unfeasible for 
life with current estimates and evidence for long-term (billions of years) 
exposure and survival.  
Potential numerical errors within the hydrocode models were then 
discussed, and further speculation of the data was considered, showing 
perhaps even greater impact velocities are within the survival range of some 
species. Other factors, such as cratering in rocky impacts and the potential 
dangers inherent to life in such circumstances were discussed. Intriguing life-
seeding scenarios were considered; the case of a cosmic Noah’s ark, and the 
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possibility that life originally began on Mars, and arrived on the Earth via a 
panspermia style impact during the Late Heavy Bombardment ~4 billion 
years ago.  
Finally, an equation to determine the number of impacts capable of 
successfully delivering life to another world was considered, and the case for 
Mars seeding the Earth was conjectured, showing that 3.6 × 108 potential 
transfers of life could have happened before the first evidence of life on Earth 



















“Oh, please, let it all be a dream. A very bad, very twisted dream” 
John Crichton, Farscape 
 
9.1 Main Conclusions 
The aim of the research presented here in this thesis was to investigate 
the panspermia hypothesis both experimentally, through the use of the Two-
Stage Light Gas Gun, and theoretically, through the use of hydrocode models 
of hypervelocity impact simulations. Two species were fired in the two-stage 
light gas gun, one flora (phytoplankton species Nannochloropsis oculata), 
and one fauna (tardigrade species Hypsibius dujardini). These species were 
tested under a number of varying impact regimes for survival. After these 
experiments, hydrocode simulations were carried out to determine what 
impact scenarios different micro-organisms could potentially survive if the 
conditions were right. While these experiments and simulations cannot 
answer the question as to whether or not a panspermia style spreading of 
micro-organic life has occurred throughout the universe, they can be used to 
show that, it is at least possible, for some micro-organisms to survive the 
conditions implicit in such a panspermia style spread of life from one world 
to another. It is in light of these results that an equation for the number of 
potentially successful panspermia-style journeys between planets is presented 
for future use in the quest for life beyond the Earth. 
 After an introduction to the research, Chapter 2 presented an in-depth 
discussion about the nature of life, its definition, origins, evolution, and 
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distribution, on Earth, so that life in the wider universe could be considered. 
Life, as we know it, is considered to be any entity that has the ability to 
reproduce, as well as harnessing some form of energy in order to drive 
chemical reactions. However, as there are often exceptions to the rule, a 
cautious approach should be applied when considering any definition of what 
constitutes life. The history of the Earth was examined, before a discussion of 
the requirements for life as it is currently understood, and where it may have 
originated. Then, the possible habitats for life in the Solar System and beyond 
where discussed in relation to extremophile organisms capable of survival in 
extreme environments.  
 Chapter 3 presented a detailed discussion of the main panspermia 
hypothesis. Described as the migration of life throughout the universe, via 
meteorites, and other interplanetary and cosmic bodies, the three variations of 
panspermia were presented (radiopanspermia, directed panspermia, and 
lithopanspermia). The three main phases of the panspermia journey were 
presented alongside the implicit dangers of these phases, and lithopanspermia 
was concluded to be the most plausible for any such natural migration of life 
between planetary bodies. Evidence for the survival of some species of 
micro-organisms against the dangers implicit for the journey was presented, 
and it was concluded that these dangers are not necessarily sterilising. Finally 
the possible routes through the Solar System, and the timescales involved, 
were presented to complete the discussion of the panspermia process. 
 Chapter 4 began by looking at the equipment that was used to carry 
out the experimental hypervelocity shot programmes for this research. A 
detailed description of the light gas gun used in these programmes was given, 
before looking at the rationale behind the choice of the two species that were 
used in these experiments. These species and, the methods to culture them, 
were then described. The phytoplankton was chosen as it is a eukaryotic 
photosynthesizing autotroph and a primary producer of oxygen. To survive, it 
Chapter 9: Conclusion 
218 
 
only needs basic mineral nutrients and light for photosynthesis to occur. It is 
also capable of sustaining other life, as it is the base of a food chain, and 
could serve this same function on another world. The tardigrades were 
chosen as they are extremely hardy organisms, and unlike other species used 
in hypervelocity impact tests to date, these are complex multi-cellular micro-
animals, and phytoplankton can serve as a food source for them. Then, the 
materials used for the projectiles and the targets in these experiments (and 
their holders) were looked at. The materials were chosen such that the 
phytoplankton shots would simulate the organism impacting into a liquid 
ocean, and the tardigrade shots would simulate an impact (capable of ejecting 
material from a planet) into a frozen water source containing tardigrades, 
such as an ice-shelf, or polar cap. The equations for the pressure conditions 
experienced during impacts were then described, before a brief overview and 
description of the hydrocodes used for creating models of hypervelocity 
impact scenarios. 
 Chapter 5 presented the details of the experiments to test the survival 
of the phytoplankton species Nannochloropsis oculata. Initially a small 
programme was conducted to test the viability of the species to such 
experimentation. A very small amount of phytoplankton was fired at 1.26 km 
s-1 into a water target, and the contents of the target holder was placed into a 
sealed bottle to see if any phytoplankton had survived and could be cultured. 
After 20 days the first noticeable growth was witnessed, showing that the 
larger programme was viable. The larger programme involved firing 
increased volumes of phytoplankton at a range of velocities (1.25 – 6.93 km 
s-1). A total of eight live shots were fired, and two control shots to check for 
contamination were also carried out. In all the live shots, phytoplankton was 
shown to survive, albeit at much slower recovery times in the higher velocity 
shots. The Late-Stage Effective Energy calculations showed the peak shock 
pressures survived by the phytoplankton cells ranged from 3.00 – 38.0 GPa 
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(using the Trunin parameters), and 2.89 – 35.4 GPa (using the Melosh 
parameters). The AUTODYN results showed good agreement with these at 
lower velocities, but diverged towards higher velocities giving peak pressures 
in the range of 2.84 – 58.6 GPa. These results showed that phytoplankton can 
survive the type of impacts needed to deliver life to another world up to 
pressures of ~40 GPa. These results also showed the same common two-
regime survival trend seen for micro-organisms during extreme shocks, as 
described by Burchell, M. et al. (2007). Additionally, no changes in 
morphology or growth were detected post-shock once normal growth had 
resumed, and the peak temperatures generated during impacts were on small 
enough timescales as to be non-sterilising to the organisms. 
Chapter 6 presented the details of the experiments to test the survival 
of the tardigrade species Hypsibius dujardini. The shot programme involved 
firing nylon projectiles at a range of velocities (0.37 – 5.49 km s-1), into a 
target of tardigrades frozen in ice. A total of 14 shots were fired, and in all 
shots tardigrades were shown to survive, albeit with a much higher lethality 
in the higher velocity shots. The AUTODYN simulation results for the range 
of pressures felt across the target yielded a lower limit for survival across the 
shots of 4.15 – 374 MPa. However, as this is a lower limit it is likely that the 
true value is somewhat higher than this. These results, combined with the 
results from Seki, K. (1998), showed that tardigrades can survive the type of 
impacts needed to deliver life to small bodies such as Enceladus, the Moon, 
Europa, asteroids or Kuiper belt objects, and extrasolar bodies of similar size 
and mass, up to pressures of ~600 MPa. These results also showed the same 
common two-regime survival trend seen for micro-organisms during extreme 
shocks as described by Burchell, M. et al. (2007). Additionally, no changes in 
morphology or behaviour were detected post-shock, and the peak 
temperatures generated during impacts were on small enough timescales as to 
be non-sterilising to the tardigrades. It was also shown that the survival rate 
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due to freezing decreases as the freezing temperature drops. However, the 
survival rate remained almost constant at a fixed temperature regardless of 
the length of time frozen. 
Chapter 7 reported the set-up, and results, of multiple AUTODYN 
simulations for different panspermia-style impact events, on both oceanic and 
rocky body surfaces. The optimum point for survival on a spherical impactor 
was shown to be at the rear of the object, but below the depth of any fusion 
crust created due to atmospheric heating. The results for peak impact 
pressures against impact velocities were then presented ready for analysis in 
Chapter 8 with different micro-organisms. 
The analysis and discussion presented in Chapter 8 would suggest that 
the natural transfer of life throughout the Solar System via impacts is possible 
for a variety of simple species of extremophiles. Some extrasolar planets (i.e. 
Super-Earths) beyond our Solar System are also within the survival 
tolerances of these species, for both oceanic and rocky body situations. It is 
also shown that oceanic impacts will allow higher survival rates for life-
forms, than impacts onto rocky bodies of similar size and mass. However, 
atmospheric drag effects that would be encountered on bodies that have 
substantial atmospheres could potentially lower an impactor’s velocity, and 
thus increase the probability of survival for any life-forms aboard the 
impactor. Even the humble tardigrade (a complex life-form) could survive 
impacts onto small moons and asteroids within our Solar System, or indeed 
perhaps beyond. The timescale for successful interplanetary transfers 
(travelling at velocities within the survival range of several species) is shown 
to be survivable up to a distance of at least 16,000 lights years. However, 
natural intergalactic transfers appear to be unfeasible for life with current 
estimates and evidence for long-term (billions of years) exposure and 
survival. Finally, an equation for the number of potentially successful 
panspermia-style journeys that can occur between planets was presented as a 
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tool for future research into the search for life beyond the Earth, and the 
verification of the panspermia hypothesis. 
 
9.2 Future Work 
The modelling work presented here could be further enhanced by 
using much higher resolution hydrocode models to simulate the higher 
velocities where numerical errors begin to appear. This higher resolution 
could abate the numerical erosion issues that are believed to be responsible 
for the computational errors seen. However, this is very time consuming, and 
considering the number of simulations required, a large supercomputing 
cluster would be needed for a full programme of results to be obtained. 
Further to this, simulations using varying impact vectors, ranging from 
normal to very oblique angles for each velocity, would allow for a number of 
differing (and arguably more realistic) impact scenarios to be considered. 
Additionally, models that incorporate basic (and with time, more complex) 
atmospheres, would also allow a more realistic approximation of real-life 
impact scenarios. 
The experimental programmes could also be further complemented, 
with a thorough examination of the effects of different freezing temperatures 
for both types of organisms considered here. As well as this, tests for the 
effects due to prolonged exposure to an analogue space vacuum and radiation 
environment would also determine the true survival abilities of these 
organisms when considering the full panspermia journey from impact 
ejection, to transfer, to impact arrival on another world. 
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9.3 Implications for Panspermia 
The results obtained during the course of this research and presented 
in this thesis have implications for both the origin of life on Earth and the 
panspermia hypothesis. These results when combined with previous research 
demonstrate that a number of species may be capable of surviving the entire 
process of a panspermia-style journey between different planets, or indeed a 
‘Noah’s ark’ type event on the same planet.  
This research demonstrates that several species are capable of 
surviving the impact pressures generated in an impact into an ocean on the 
Earth’s surface, and thus could survive the impact needed to seed life onto 
the Earth. This allows for the possibility that life did not originate on the 
Earth, but had a genesis elsewhere, and was transported here at some point 
before the end of the Late Heavy Bombardment around 3.8 billion years ago. 
Using equation 8.1 with extremely conservative estimates, it was shown that 
there could have been at least 3.6 × 108  life bearing impacts onto the early 
Earth before 3.8 billion years ago from Mars alone, each one potentially able 
to seed life on the Earth, if Mars was capable of a genesis-of-life event in the 
distant past, rather than the Earth. The potential for panspermia as the origin 
for life on Earth is further enhanced by the results that show bacteria capable 
of surviving 250 million years of suspended animation, could travel up to 
16,000 light years across the galaxy at a velocity conducive to survival upon 
impact at the Earth, within clusters of rocks capable of protecting against the 
interstellar medium for up to 500 million years. This does not mean that life 
did originate via panspermia, only that the possibility that it could have done, 
must be considered in all origin of life on Earth discussions and research, 
until conclusively proven otherwise.  
The very fact that Earth is bombarded with tens of thousands of 
meteorites every year, combined with these results, implies that if life has 
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formed elsewhere in the Solar System, the Earth may well have been seeded 
with life at some (or many) points in the past. It follows then that the search 
for extra-terrestrial life could be conducted right here on Earth. If any life-
forms showing no genetic connection to life as we know it were to be 
discovered, it would not necessarily point to a second genesis event on the 
Earth, but could be indicative of an extra-terrestrial life-form delivered via 
panspermia in the past. This also suggests that meteorites upon collection on 
Earth should be handled with care such that no unnecessary terrestrial 
contamination occurs, before the meteorite can be analysed for any potential 
extra-terrestrial life, or fossils it may contain.  
 
9.4 Final Summary 
In conclusion, this thesis has presented research that has shown that 
the phytoplankton species Nannochloropsis oculata can survive impact 
events where pressures are of the order ~40 GPa, corresponding to oceanic 
impacts into predominantly water/ice planets at ~19.5 km s-1, and 
predominantly rocky body planets at ~15.5 km s-1. The tardigrade species 
Hypsibius dujardini can survive impact induced pressures up to ~600 MPa, 
corresponding to oceanic impacts into water/ice planets at ~3.0 km s-1, and 
predominantly rocky body planets at ~2.0 km s-1. These results show that if 
material ejected from the Earth contained either of these species then the 
resulting impacts into other bodies could seed life, in multiple places in the 
Solar System, and even beyond. However, it must be stated here, that this 
research does not suggest that panspermia has ever happened, only that it is 
possible, and could have happened. 
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Appendix I – Phytoplankton Cell Size 
 
Table AI.1: Average cell size for phytoplankton samples, smallest and largest 
measured are also given to show distribution range. 






Unshocked #1 6.50 4.29 10.0 
Unshocked #2 6.59 4.37 7.01 
G220312#1 6.61 5.25 9.07 
G041012#1 6.31 4.16 8.56 
G101012#2 7.50 4.02 9.19 
G251012#1 6.65 3.85 9.16 
G311012#1 6.64 4.49 9.39 
G281112#2 6.91 4.82 9.91 
G071212#1 5.80 4.59 8.00 
G110113#3 5.90 4.00 7.46 
G060213#1 4.69 4.44 6.54 
 
 
 
